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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 1000-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 1l.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 Nb3Sn 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.



CHAPTER 1. INTRODUCTION



The concept of the Tandem Mirror
Reactor (TMR), as developed by Dimov
et aZ.l—l and by Fowler and Logan,l—2
employs the positive electrostatic
potential of two ordinary (standard)
mirrors to plug the loss of plasma
from a long solenoild. 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 produces 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
The plasma

density in the plug (~8 x 101 a3

magnetic confinement.

"is considerably higher than that in
the central cell (~1 X 1014
provide a potential barrier at each

end [¢ = T, In(n /

end) to

Be-

plug nsolenoid)]'

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).
high technology is required for the

Thus, what

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,

e At the beginning of this study,
we did not understand the problem of
ash (4He) 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.



e The 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 e;ample 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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Table 2-1. General parameters for

INTRODUCTION
1000-MW(e) Tandem Mirror
Reactor,
This report describes the results
of a 6-month study of a 1000-MW(e) Parameter Value
fusion reactor based on the tandem
P 1000
mirror confinement concept. Our net M (e)
C 4.8
objective was to uncover the major 2
Recirculating power 437
problem areas in the design of a &P
Plant cfficlenc 347
Tandem Mirror Reactor (TMR) as weil ¢ eney *
Direct capltal cost 1.3/W
as to determine the feasibility of P “e ¥ fute)
Length of solenoid 100
the concept. An artist's conception K ¢ m 9
Wall loading 2 MWem
of an electric power plant based on 3
Fuslon power density 5 MWem
TMR is shown in the Frontispiece to
this report; general parameters for -
the TMR analyzed in this study are be classical mirror machines sustalned

given In Table 2-1. by the Injection of high-energy neutral

beams. lon losses from the central

PLASMA CONFLNEMENT AND HEATING cell are replenlshed by the injection

of low-e¢nergy neutral beams, pellets,

In the TMR configuration shown in or gas at the thin plasma fans in the
Fig. 2-1, the plugs are assumed to inner mirror throat. The design

Low-field solenoid

Minimum-B
end cells

/%

7/
AR Z
Fig. 2-1. Tandem mirror with ambipolar barriers at the ends.
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conslderations given in Chapt., 3 lead MECHANICAL DESIGN

to the parameters shown in Table 2-2.

For these walues, we assume that im- Table 2-3 lists some key mechanical
purities and alpha particles do not design parameters for the TMR. As
accumulate; however, in Chapt. 3 we shown in the Frontispiece, the reactor
also present detailed calculations is composed of a power-producing

for the steady-state equilibrium alpha central cell, end-plug magnets,

density and cross-field transport. 1,2~MeV DO injectors to sustain the

Table 2-2, TMR physics parameters.

Parameter Value
End Plug:
Injection energy 1200 keV
Mean ion energy 880 keV
Plasma density 8.6 » 10t%m™3
Trapped current into each plug 220 A
Electron temperature 42 keV
P,
BPlug (B - Bvachuo) 1
Plasma radius 0.5 m
Bvac plug (midplane) 16.5 T
Rvac 1.07
Potential at midplane 350 kev
Particle nT 2.5 x 1014 s-cm™3
Central Cell:
Current Injected 1570 A
8 0.7
Length 100 m
Plasma radius 1.2 m
Biac (midplane) 2.4 T
Electron temperature 42 keV
Ion temperature 30 keV
Plasma density 1.1 x 1014cm'3
Particle nT 7.7 x 1014 seen”3
Potential of plasma 260 keV

10
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Table 2-3. Mechanical design parameters for the central cell.
Parameter Value
First-wall radius 1.56 m
Length 100 m
No. of modules 36
No. of parallel heat-exchange loops 6
Magnetic field 2.4 T
Blanket coolant Helium
Inlet temperature 300°C
Exit temperature 530°C
Inlet pressure 50 atm
Helium pressure drop 2 atm
Blanket structure Inconel 718
100 Weem 2

Average power density into direct converter

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-long 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 1is
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.

12

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.
Yin-Yang magnet is about the size of

The complex-shaped

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

3
The joule heating in the coil is

S5n superconducting solenoids.

about 0.5 MW and rcequires about 25 MW
of refrigeration power.

This hybrid magnet was initially
thought to require a lower level of
technology than would an all—supef—
conductor approach; however, we now

conclude the reverse for two reasons:



Table 2-4.

Magnet parameters.

Parameter Value

Center-cell solenoid:

Baxis 2.4 T

Material Nb-T1i

Bore B.4m

Length 100 m (36 segments)
End-plug solenoidal pair:

Bore 5.75 m

Baxis 16.5 T

Bconductor 17.3 T

Material Nb35n

End-Plug cryogenic Yin-~Yang coil:
Length
B .
mirror
Material
R

vac
Resistive power

2.8 m (mirror to mirror)
17.6 T

Al

1.07

0.25 MW (each plug)

¢ 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 Nb3Sn.

o 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.
We conclude in this study that the
shielding in the present design is
not adequate and that the magnet must

13

be increased to allow for more

shielding.

NUCLEONICS

Blanket

In our preliminary appraisal of
TMR nucleonics, we conclude that the
high @ and favorable geometry of the
central cell allow us to contemplate
The
high Q eliminates the need for energy

a blanket of modest performance.

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 beryliium
is needed in the blanket.

Our overall objective is to keep
the blanket as simple and inexpensive
as possible. 1In 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.
that this shielding plus the blanket

Our appraisal indicates

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 l4-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 tle

14

present plug design allows for only
15 em of shieluing 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, i.2-MeV DO
injector with an anticipated operating
efficlency of 70%. Parameters for
the injector design are given in
All of the

Table 2-5. 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 counditioning 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



Beam exit
aperture

Shielding

Pressure vessel
holding power
supplies

fon-source
chamber

\

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 1200 keV
Equivalent D0 current (per injector) 122.5 A
Total injected power (4 units) 588 MW
Operating mode Continuous
Type of beam line Negative Ions
Source of negative ions Ce double charge-

exchange cell

Type of stripping cell Ce plasma
System efficiencya 807%
System cost? $200/W of beam output

3The 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 electric kilowatt
supplied by the TMR.

15



of the TMR can be effective. The
high ambipolar potential and the low
ion temperature result in good effi-
clency even with a single collector
stage. About 60% of the total efflux
power (carried by escaping fuel fons,
alpha particles, and electrons) can
be directly recovered after allowing
for losses duc to incident electrons,
grid interception, and secondary and
thermionle clectrons,

The two types of reglons in the
IMR - the central cell and the end
plugs - result In two distinct energy
groups of lons and suggest a two-stage
direct converter. The addition of a
second ccllector stage in the direct
converter ralses its effliciency to
about 70%Z.

would also control the recycling of

The dircct converter

cold electrons from the end walls,

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

meters.

ELECTRICAL DESiGN

The electrical aspects of the plant
arc divided into standard power plant
equipment such as the generator and
power~conditioning equipment for
transmission and the aspects unfque
to this fusion reactor such as power
supplies for the neutral-beam injector
and power-conditioning equipment for
the direct energy converter. About
437 of the gross electrical power is
recirculated in the plant to power

the injector; this aspect of the

Problems associated with space charge, plant Is thus very important. Over
First Second lon
grid grid collector
V=0 -170 kv +350 kV

1032-MW input: . .

438.5-A, 807-keV D' . .
1284-A, 380-keV, D' + T' . .
288-A, 731-keV He'' . .
2011-A, 42-keV & . .
Voedd |
Ground 152-A input 1853-A output
connection at-170 kv at +350 kV

Fig. 2-4.
(1853 x 350) - (152 x 170)
where n_ .= r3
pe 1.032 x 10

16

Power and current flow in a single-stage direct converter on the TMR,

= 0.603.



Table 2-6. Typical parameters for the

< a
direct energy converter.

Mean ion energy 470 keV
Mean eclectron energy 42 keV
Power in ions 950 MW
Power density 100 w/cm_Z
Efticiency (one-stage) 607
Cost per kilowatt of

incident power $130

he 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 ANALYS1S

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
jfusses sustained by high-coergy,
neutral-beam injection. The central
cell is fueled by low-energy neutral
beams of deuterium and tritium,
Electrons heated by the cencrgetic ions
in the plugs in turn heat the cold
fons in the central cell. In the
parametric study, the equations of
the physics model are solved by
specifying the plug injection cnergy,
‘.thg“glug mlrror ratio, the mirror
ratio between the plugs and the
plugs and in the central cell, and
the lon temperature of the central
cell.

of the varlous energies, containment

The physics ovutput conslsts

parameters (n1's), density ratios,
and Q.

Next, the specification of a single
magnetic ffeld strength (usually the
central f{ield 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 efffciencies
(thermail conversion, direct conversion,
and neutral-beam injection) allows
caleulation 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

17



the cylindrical, central-cell plasma
and the approximatcely spherfcal plug
plasmas arce completely determined by
the central cell-to-plugs volume

rat o, the fusfon power density of
total

the central cell, the desired

fusfon power, and the requirement for
magncet ic flux conservat fon throughout
the machine.  The plup magnets are

designed to provide the specified

magnetic ffeld and to he large cenough
to contaln the plug plasma.  The
central-cell desipn begling at Lhe

cylindrical 1irst wall (three alpha
radll away from Lhe plasma) and pro-
ceeds outward through the blaonket,
ahleld, magnet, support structure,
hand I fng and malntenance equlpment |
and Tinally the reactor bullding.
There lg an opt beum set of valuces
for pluy Injectlon cnergy, plug-to-
central cell mbyror ratlo, and central
cell-to~plugs volume ratlo that mini-
the coat of For a

mizen power.

1000-MW (¢) reactor with a plug having

a central tield strength of 16,5 T,
a plug vacuum mirror ratfo ol 1.07,
and [ valuces of 1.0 and 0.7 in the

plug and central cell, respectively,
we have found the optlmum values to
bes  plug injection cenergy

(deuterlum) = 1200 keV, plug-to-
central cell mirror ratfo = 7,0, and
central-cell fon temperature = 30 keV.
The blanket energy multiplicatfon
factor for thls case wasn 1.2 (no

berylllum), and the efficlencies for

thermal conversion, single-stage

dircet conversion, and Injection were
404, 607, and 80Z, respectively.  The
total direct capital cost of this

reactor s predicted to bhe $1300, kW e).
Characteristies of the optimized polnt

flated (n Tables 2-1
The

in

deslipn are
cast est bmate break-
)
7.

through 2-6,

down fn glven Table 2-
Flgure 7=5% shows the power §low
diagram for the polnt deslgn,

Figures 26 through 2-8 show tiee
elftects on cont, on the recirculat ing
power Traction, mud on the peatron
loading of the First wal) of varfatfons
tn fnjection spergy, vacuum mirror

Jons

rat lo, and temperatnre of 1he

in the central cell.

At the beginning of this study,

we thonghbt wee conld achliceve an BOZ
efflefent

Injector, The Injector

study, bhowever, scems to show that

J0Z 1a more reollstice Further study

will Jocus on thils efftelency quet-
Lion.

We have algo studled the direct
the TMR.

beat Ing, of electrons In

Thin 1s an attractive Idea lor two
reasons s

e It mry ultimately be more offi-
clent and less expenslve than neutral-

beam heat Ing, and

*
The cost estlmate 1s not very oc-
curate and should be Interpreted in
the context of the sgcope of the study.



Table 2-7.  Cost oestlute breakdown tor the TMR point desipn,

{lonit
item (mitllons of §) Zool total
Central cell:
Blianket 114 K.Y
Shield [0 4.9
Vacuum vessel 11 0.9
Coil 3h 2.7
Coll structure i 1.0
Maln strocture 5l 4.0
Crawler a7 1.7
Subtotal: 113 2.7
Pluy, coils 171 13.19
Reactor building 44 3.4
Injector system 147 11.5
DBireet conversion s om 134 10.5
Thermal conversion system 194 19.5

Other 270 21,1

& It may reduce the required funct lons of I-'l., the lraction ot the
neut ral~beam Injection enerpy In the total heating that poos dirceetly to
end cell., the electront. For our poiat desipgn

Since no particular electron heat- with neat ral=heam inject lon only,
iy method has been evaluated, we Foo= 0. There s an optimum valae
have assumed that the clectrical ol I"“ near 4.75% tor which the cost
cfflcieney of such heating, the of the reactor ls reduced to $S1160/
coupling efflciency to the planma, kW(e).  The neuatral-beam inject lon
and Ity cost per unft power are the cnerpy for this optimized reactor is

same as for the neutral-beam Injectors. 200 keV.

Figure 2-9 shows the optimum ncutral- To whe this lower injection enciiy,
beam energy and the predleted cost It would be necessary to Increase the
of optimfzed 1000 MW (e) reactors as plug mirror ratlo l(p from 2 to 3 by


http://Hlliu.Hi-
http://hc.it-
http://Lll.lt

Reactor r2030 Mw

Blanket
M=12
1030 MW
[=——2430 MW
585 MW —
Direct
Iniector converter Thermal
L 0.8 n=06 converter
=t n=04
410 MW—|
r—734 MW
Auxiliary Thermal
System \ converter r—620 Mw
[\-26 MW n=04
972 MW—]
Power
*60 MW —] 164 MW
Gross
electrical — 1760 MW~}
Nystem ~ 0-34 Pret = 1000 er

— power consumed

i i fraction -
Recirculating power fractio gross electrical

=0.43

Fig. 2-5. TMR power flow diagram.

a combination of higher Bp and Rp gles in Chapt. 10.) Increasing R

vac’
so as to reduce the ambipolar cutoff should not entail a largq increase
energy (¢e + ¢e)/(Rp -1). (See in reactor cost, as indicated by
arguments on minimum injection ener- Fig. 10-8.

20
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Fig. 2-6. Effect on cost of
1000-MeV(e) TMR's of variation in
(a) injection energy E, ., (b) vacuum
mirror ratio between (:l.'ile1 center of
the plug and the central cell B /B ,
and (c) temperature of the ions”in
the central cell T,. (Note: In
Figs. 2-6 through 2-8, the data
points identify the values selected
Jor the point design.)
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total heating that goes to the
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SUGGESTLIONS FOR FURTHER. WORK

In the course of this work, the
importance of 4He (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-
tion in which the 4He 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.
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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
puowet balance, whereas 70% comes out
of the injector design work. The
end~plug magnet must be enlarped
to allow room for more shielding.
The steady~-state 4“& concentration
will increase center-cell losses and
reduce the power density. Extra power
is expected to maintain proper radial
boundary conditions for stability and

4He removal.

Each of these effects
will increase the cusit per unit net
power and therefore nee’s further
study.

The beneficial aspect of injecting
energetic neutral D-T beams into.che
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%).



CONCLUSIONS

The TMR is a great improvement
over the "standard" mirror reactor
in a number of respects:

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

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

e 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 colls in simple
cylindrical geometry are employed.

o 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.
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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 reactor, Of cource,
small modifications would still be
necessary, e.g.y 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 physies
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 obtalned from the
physics model incorporated within the
TMR cost~optimizer code, which in-
cludes the efficfenciles and unit costs
of the various energy-conversion
systems external to the plasma (see
Chapt. 10).

numerous free parameters in the physics

Because there arc

model, a wide, continuous spectrum of
solutions for combined sulenoid 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)
n2t are high Q (high nt) in order tu
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 TMR code over the
widest range of parameter space.

The goals of this {irst study are to
determine the broad limits of econom-
ical opecration 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.

ing, we discuss the containment and

In the section on alpha heat-

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 howf

the Q of a TMR varies with soienoid



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
salenoid 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 alpnus 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 ambipolar potentials.
We assume the solenoid plasma is of
much larger volume and produces much

more fusion power than the plugs, and
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s0 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 ilons, 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 temperaturé Te in the
plugs to be the same as in the sole-
noid. To satisfy charge neutrality
with the electron density nP in the
plugs greater than the electron den-
sity n, in the central solenoid, the
plugs must be more positive than the
solenoid by an amount

¢c = Teln(np/nc). (3-1)
A larger potential drop ¢c + ¢e from
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 ¢c + ¢e than
the inward potential drop ¢c, 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
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Fig. 3-1. Tandem mirror with ambipolar barriers at the ends.
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Fig. 3-2, Loss boundaries in velocity space for plug ions, showing asymmetric
ambipolar cutoffs and typical ifon 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, virtuwally 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 lons that are diffusing
upward in energy over the potential
barrier. The neutral-beam injection
current in the plugs controls the
plug density np independently; np
together with n determines the poten-
tial barrier height ¢C. 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 ¢C > 3Ti, where Ti is the central
ion temperature, and with large
central-cell mirror ratios RC = (in-
ternal plug field Bpi/internal sole-
noid field Bci) > 10, the confined ion
distribution in the solenoid can be
nzarly Maxwellian. Since the density
and temperature are both lower in the
solenoid than in the plugs by typically
a factor of 10 (solenoid pressure
= 1072

magnetic fields in the solencid can

plug pressure), the confining

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 RC as large
as 20 to 40 are possible. A typilcal
loss boundary in velocity space for
central ions with RC = 20 and ¢C

= 3Ti is shown in Fig. 3-3. The dashed
lines are the magnetilc loss cones with
angle Oc = 13 degrees, and the solid
line is the loss boundary with com-
bined magnetic mirrors and a potential
barrier ¢C = 3Ti. The circles are
contours of constant fi(v, 9) at

E Close to 90%

1
of the ions in the distribution have

=T,, 2T,, and 3T,
i i i

energies less than 3Ti‘ the vertex of

In addition,
1/2 o

the loss hyperbolas.
because a fraction (1 =~ l/Rc) £
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
Kelley,3_

mirror machine with the ambipolar

1 the central cell was a

potential removed by having the outer
cells at equal density with the center
cell; 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
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Fig, 3-3. Loss boundary in velocity space for solenoid ions for ¢c = 3Ti and
= 20,
Re
ion confinement time is preatly /w32
ii

enhanced by the addition of the poten- (), = | ——F—

. i v o2m qAEnA..
tial well. ii

Depending on the ratio of potential
barrier height ¢ to the central ion RY/¢ 0
c s g -—E. ._.E exp _C (3_2)
temperature T , the ion confinement 2/\T, T,/

time in the solenoid can be many col-

lision times. For confinement of a where the quantity in brackets is the
single species of Z = 1 ions in a Spitzer self~collision time, and
relatively deep potential well where g(R) = /7 (2R + 1) n (4R

(¢c > 2T,) with magnetic mirrors, an + 2)/4R is a slow function of the
approximate analytic formula by central-cell mirror ratio Rc' For
Pastukhov> "> can be written: R, =20, g(10) = 3.5. For typical
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ratios ¢C/T1 ~ 3, Eq. (3-2) shows that
the potential barrier together with

a large mirror ratio provides fon
confinement for over 100 ion-ion col-
lision times. Also, the increase in
(nr)i is much stronger than with the
collision time factor =T13/2. Thus,
contrary to confinement with magnetic
mirrors alone, confinement with a
fixed potential barrier (¢ > ZTi) in-
creases as the ion temperature

(3-1) to elimin~
= 2.5 amu for

1
22, Eq. (3-2)

decreases. Using Eq.

ate ¢c, and taking M

DT ions and JnA,, =
ii

can be written

T
(), = 8.7 = 1010 Tilz (f)
1
o\ fp) TelTe
. ln(n )( n ) (3-3)
[} [o3

where Ti is in units of keV, and (nr)i
is in cmaa-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

(nT)i for a given Te/Ti ratio, one
must decrease the solenoid density n_.
However, the fusion power density in
the solenoid then decreases as ni.
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

20 to 40 keV, the probability

Ti =

32

for charge exchauge 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 Ti’ de—

pending on T Because of the scaling

of electrost;tic confinement of
central-cell ions in a TMR, the im-
provement in (n‘[)i from a larger value
of Te/T1 can more than compensate for
the lower reaction rate <ov> due to
charge-exchange cooling. Thus, for
ions in a deep potential well (¢C>2Ti),
charge-exchange cooling is often
beneficinl.  This ion cooling mech-
anism can be realized by supplying
the solenoid losses with very low-
cnergy beams (L 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 the inner ser of mirrors (see
Fig. 3~1), the Maxwellian ions of

the 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
alsc the charge-exchange atoms can

escape.



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.3_3’4
Electrons are heated by hot ions in
the plugs, by ions in the solenoid if
Ti > Te’ by 3.5~MeV fusion alpha
particles in the solencid, 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 Te/Ti by
electron heating can increased at the
same (nr)i for a given density ratio
nP/nc; alternately, the power density
can be increased at the same (n'r)i
with a lower density ratio. 1In
Eq. (3-3), for example, the same
factor of enhancement in (n'[)i is
obtained with Te = 3Ti and n /nC of
only 3 as with Te = Ti and np/nC = 27.
The power density in the solenoid with
the former case would be nearly two
orders of magnitude greater if Ti
were kept constant and Te were in-
creased by heating. Unfortunately,
the projected tube efficiences (20%)
and the power output/unit (200 kW)
of high-power microwave generators
presently under development3_5 for
ECRH heating of 1014 cm_3 density
plasmas (fC = 100 GHz, AC < 3 mm
required) do not approach the capa-

bility already achieved by neutral
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beams (50% efficiency at > 1 MW per
module on 2X11B).

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 efficlencies comparable
to or greater thau neutral beams can

probably be achieved with present

t:echnology.:i—6 Efficient absorption
(>90% would be desired) of intense

14 -3

electron beams in >107 cm ~, fully-

ionized plasmas has yet to be demon~
st rated. However, extrapolation from
as well as from experimental

3-8,9
measurement

thcory3-7
of electron~beam
absorption in short plasmas suggests
that electron beams of 1 to 5 MeV at
current densities of only 1 kA/cm2
might be ali.ost totally absorbed in

-3 plasma in a TMR.

100 m of lolécm
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 Te, ne, and beta are kept small,

and the electron-beam heating would

appear almost quasi-steady.

The henefits 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.



Alpha~Particle Heating

Fusion alpha particles can supply
a substantial fraction of the encergy
input neceded to sustain the solenoid
plasma in a TMR, Slnce the magnetic
loss—cone angle 1s so small (< 18°)
in the solenoid, more than 95% of the
alpha particles born lIsotropically at
3.5 MeV have veloclty vectors  such
that they are magnetically trapped by
the central mlrrors. Depending on the
design of the field gradient length
at the ends of the solenold, a l'rac-
tion 0.2 % l'“ < 1 of the alphas can
be adiabatically confined between the
mirrors of the central cell for a
suflflclent time to thermallze, giving
up thelr encrpy to the central lons
and elcetrons (sec "Heating by 3-5-MeV
Alpha Particles™).

With fu

cleat conf inement (n])i, alpha par-

near unlty and with suffl-

ticles alone ean cenergetlcally sustain
the central solenoid (Ipnition). An
cxample of Ignitlon is discussed under
") Scaling in a TMR". Unfortunately,
as the afphas slow down, they heat the
central fons as well as the electruns,
giving a larger fraction of their
energy to the fons for Tu > 33 keV.
Thus at high Te, alpha heatling tends
to lower the ratlo of Te/Tl’ increas—
ing the density ratio np/nc required
for a glven (nT)L. If clfielent
methods of heating electrons alone
are available, such as via hot ions

in the plugs or by auxiliary electron

heating, It i. in fact desirable to
requce alpha heatlpg (by using non-
adfabatlcity, so that fu << 1), and
thereby to operate at smaller n)/nc
and higher power denslty. Houczer,
reduced alpha Input is an advantage
only LI the elficlency of dlrect
clectron heatlng Is greater than

about 50%Z; otherwlise, the advantage

of electron heating is wiped out be-
cause cnergy balance Is recovered only
at higher (m)L and np/nc.

The alphas which do survive to slow
down below 2¢u cricrgy become vlectro-
statically trapped and quickly therm-
allze to the temperature of the sole-
nold
in a potentlal well of 2¢C Is quite

(3-2) shows

ions. Thelr subsequent Lifetime
long; Inspectlon of Lq.
that the Lifetime of thermal alpha

particles scattering on DT fons with
4 L2,2 4

'J'i, IJJ(: » 2 rj;c, and q° o 2740 g7

1= 2
w T

5
1s longer than the DF lon lifetime by
a factor of V4[5 Z;z 2 cxp(¢C/T1).
When (n'l)1 1ls large due to ¢c > TL’
(nT)u 1s very much larger still;
therefore, the thermal alphas accumu—
late Lo a large equilibrium fraction
(%L/ni: 1) even though their source
strergth due to DI burnup Is small
compared to the DT Injection strength.
Such large thermal alpha fractlons
would have a disastrous effect 1in
reducing both (n‘L‘)i (enhanced scatter-
ing of DT ions by a factor of

1+ Zinu/ni) and power denslty (DT

fuel density lower than the solenoid



clectron density by o factor of
(1 + 72 n it

ﬁtvx/n[)'
that the classical radiai diffusion

Fortunately, appears
of thermal alphas can greatly reduce
their cquilibrium fractions (nu/"i <
0.1), as suggested by pimov. 33 e
equilibrium thermal alpha fractions
can be reduced still further if fu <1
due to nonadiabatliclty; the source
strength of thermal alphas is propor-
tional to ru. However, the alpha
cnergy input to the solenoid ls cor-
respondingly reduced, tavorably or
unfavorably, depending on whether
there is efficlent ¢lectron heating

to make up for the loss of alpha input.

Plug Injection Energioes
MruTm{mmmLMgwuhhthw

very high neutral injection cnergles

Hi ! are requlred to minimize the
n.
neutral-beam power required to main-

tain the plugs. In Fig. 3-2, the
minimum fon energy Ep(min) that can
be contalned by the mirrors in the
plugs is glven by (+C + ¢u)/(kp - 1),
where ¢+ wL Is the total expelliing
IS .
potential as sceen by the plug fons,
and R
p

ratio enhanced by the diamapnetism

is the effective plug mlrror
of the plug. High-vacuum mirror

ratios are Impractical due to the

engincering difficulties associated
with producing high magnetic fields
In the mirrors; also, the very large
factors of reduction in the Internal

field of the plug caused by high beta

arce counterproductive because the
small magnetic flux linking the plug
glbus smiall cross-section solenoids
Thus, R

2-3,

by conservatlon of flux,
must always be modest: Rp < We
shall find that usually we > 6T0 and
1T 2Ty,

e =~

o> 2T as well, such
¢~ Te

as with c¢lectron heating, FC

kev o if T,
i

must be

a minlmam of 40 to 60 is
to be high enough tor a practical
fusion reaction rate. Thuas, we are
Jed to minimum plug lon cnergices
Hp(min) > HTP > 300 to 500 keV for
Rp = 2, and Hp(miu) > 150 to 250 keV

for R’ = 3. Of vourse, a plug ion
|

injected with only the energy Einj
= H)(mjn) would be lost immediately.
To Luvc a usctul plupg ion lifetime,
the injection energy should be three
to four times the ambipolar cutoff,
This will typlcally require Eini
= MeV o in a TMR.

A sccond reason for high injoection
cnergies in a TMR s to heat electrons,
For ratios Einj/Tu 7 15, plug ions
transler more energy to celectrons
than Is carried out by the electrons
accompanyling those tons over the
barricer ¢C + wc. In this way, a
portion of the neutral-beam power
required to maintain the plugs can be
"reused" to heat the solenoid via
electrons. The efliciency of heating
electrons by the plugs increases with
Einj/Tc’

As o reference case for the THMR,

exceeding 50% at &, /T = 40.
inj" e

we assume that the solenoid is
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temperatures in the 2XIIB experi~

ment. 31>

An important parameter for
the DCLC mode is the scale length of
the radial density gradient relative
to the ion gyroradius Arp/pi. At
small A:p/pi ~ 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, and lower (nT)
by electron drag.3"15’16 As Arp/pi

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 Arp/pi ~ 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
Zon overlap effects) and in the MFTF
experiments (scaling to larger Arp/pi).
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).
increase in reactor size for the

The penalty is then an

same Q. However, practical reactor

sizes will require that plug confine-
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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 épi scale length is
subject to instabllities 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

be made in light of recent work3-17’18
on finite~beta effects in temperature
and density gradient instabilities.
With regard to low-frequency

(w << wci) drift waves, a fully
electromagnetic treatment by Berk and
Domingues}-l7 shows stability above
modest critical beta values Bc > 0.15,
depending on the gradients in temper-
ature relative to gradients in den-
sity. Also for the higher frequency,
lower-hybrid-drift instability

318 ¢ina

(w>>wci) Davidson et al.,
that finite-beta effects are stabiliz-
ing above critical beta values

Bc 2 0.5, depending on Te/'l‘i and

Ar /pi. 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



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 TMR, we
assume that the solenold 1s energeti-
cally sustained primarily by 3.5-MeV
alpha-particle heating in the sole-
noid and by clectron 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. 1In 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 dolng the heating
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ie typically only 1% of Ns their

density is neglected. Also, in this
model we assume (following DimovJ_J)
that the vadial diffusion of thermal-
ized alphas will keep their density
small compared to the density of the
fuel ion. Thus, we set

(3-5)

=]
]
=]
1
=]

in the central solenoid and use
(3-1) for the ion potential
{(3-3) for the DT

ion confinement product (nT)i. We

Eq.
barrier ¢c and Eq.
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

(=3/2Ta = 3/2Ti) 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 :lpha density is an
optimistic assumption that offsets the
neglect of beneficial ion cooling by
burnup and alpha loss.

The two ion specles 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 electron species
throughout. The alphas then appear
only as heating terms in the ion and

electron energy-balance equations,

lon Energy Balance

We assume that the low-energy
neutral beams or gas feed maintain a
constant average neutral density n0
within the solenoid plasma. The
ionization rate per cm_3Ji required
to replenish the DT-ion loss rate in

steady state is given by

i =a ni/(nt)i , (3-6)

n_ <gv>, =
0'c i

where <0v>i

which is the rate coefficient for

is the sum of <gv> (T ),
e e

ionization by electron impact, and
<0v>i(Ti), which is the rate coeffi-
cient for ionization by ion impact.
These coefficients are given by the

dotted and dashed curves, rcspectively,
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Flg. 3-4. Rate cvefficients for elec-

tron ionization as a function of T,
and for charge exchange and ioniza-
tion by DT lons as a fuuaction of Ti'

in Fig. 3-4. The rate of charpge~

is

-3
exchange events per cm ch

correspondingly given by
(3-7)

where <ch>cx CTi) is the rate
coefficient for charge exchange given
by the solid curve in Fig. 3-4.
Solving Eq. (3-6) for n0 and substi-

tuting into Eq. (3-7), we can write

n(z: <ov>
Tex ® (1), <gv>, ° (3-8)

Pastukhov's calculation. ..d recent
Fokker-Planck calculations3-19’20
show that the average energy carried
out by ions escaping over the poten-

tial barrier is ¢c + Ti per ion lost.



Assuming the injected neutral energy
is small compared to the average ion
energy, each charge-~exchange event
will result in approximately 3/2Ti
loss of energy, with no corresponding
loss of ion particles (charge exchange
merely replaces a hot ion with a cold
one). Thus, the total energy lost
per lon lost is given approximately
by

<gy>

1/5
T, (1 +3/2 TN

)ruori ,
(3-9)

for T, in keV, +5% in the range
10 < T, < 50 keV. We have used
Fig. 3-4 in obtaining the fit given
by Eq. (3-9), setting 1‘e = Ti' Since
ionization by electrons is signifi-
cantly less than ionization by ion
impact, the errors incurred in Te

(3-9)

to be given as a function only of Ti'

¢ Ti are small, permitting Eq.

We can now express the ion energy

balance in the solenoid as

2

n <gv>
c 3 cxX
— | + T, (1 + —-——————)
(n'r)i c i 2 <0v>i
23 (
_n.p \T Ti)
(nT)ei
"
1.2
+ 30 <GV>DIEu0fufi' (3-10)
In the right-hand side of Eq. (3-10),

the first term 1s the energy transfer
between ions and electrons by class-

ical equilibration. The equilibra-
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tion time multiplied by the electron
density (ni)El is given by
(n{)ei =1.25 - 10 Te cm .S,

(3-11)
for DT ions of average mass = 2.5 amu,

for = 20, and for Te in keV,

The secssd term in the right-hand
side of Eq. (3-10) is the energy
given to ions by the
<gv> . is the DT

DT
fusion-reacticn rate, qu = 3520 keV

: -3
input per cm

fusion alphas:

is the initial alpha energy, fa is
rhe fraction of alphas that are con-
tained and thermalized, and fi is
the fraction of an encrgy given to
ions by each alpha that thermalizes,
According to subsequent discussion,
fu can be considered a parameter
controlled by the design of the sole-
noid transition regions (adiabaticity
control). The fraction fi is a func-
tion of Te as given in Fig. 3-5. A4n
approximate formula for fi is given
by

fi ~ 0.29 Qn(Te) - 0.5, (3-12)
for Te in keV, +5% in the range
20 ¢ Te € 60 keV. An approximate

formula for <Uv>DT is given by

<gv>

~ ~16
DT 5.1 x 10 [Qn(Ti) - Z.l]

(3-13)

for T, in keV, +5% in the range

10 < T1 < 50 keV.
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transferred to electrons f, and to
DT ions fj as a function of electron
temperature.

Plug Heating of Electrons
Since electron heating beneficial

in a TMR, the injection energy im 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 electromns by drag.
For plug ion confinement dominated by
electron drag, we use the approximate
formula

10 E3/2

(n‘r)P ~ 1.5 x 10 Mp o 1o,g10R.P

(3-14)

. (ch3'5),

which is derived from Fokker-Planck
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calculation53-20 for plug injection
>~ 30 to 40 Te and modest

We

energies E. .

inj
plug mirror ratios Rp= 2 to 3.
assume either protons, deuterons, or
tritons, for the plug lons, for which
Mp 1s the appropriate mass number.
The average plug lon energy in keV Ep
is given by

E =
P

3.9 (TeEinj

1/2
) (keV) , (3-15)

where Te and Einj are in keV. For

Te = E1n
mirror machine, Eq.

j/15 as in a conventional
(3~15) gives

E = E, ,. However, because for more
p inj
drag-dominated plugs with lower

T /E, . the average plug ion energy
e’ "in

3/2
, .3 B
inj
better fit to (nT)p in Eq. (3-14)

is less than E gives a
than the usual E3/2. For the

inj
effective mirror ratio of short,
2X11B-shaped plugs at high beta, we
use an approximate empirical formula
for Rp given by

/(1- (BP/Z)]. (3-16)

R
P p-vac

(3-18) from 2XIIB indicate that

Data
the diamagnetic reduction in plasma
internal field AB is roughly linear
with beta up to B = 2, hence the
mirror ratio enhancement factor

[1- (BPIZ)] in Eq. (3-16) rather
than the usual (1 - B )]'/2 factor for
long, thin plasmas. For lower ratios
of Ein'/Te and lower mirror ratios,

Eq. (3-14) will tend to overestimate



= 30 and
e

For most

(nT)p; at the lowest Einj/T
Rp = 2, the error is 20%.
of the intended range of plug opera-
(3-14) should give

tion, however, Eq.

smaller errors. The rate at which

hot plug ions of energy Ep >> Te
transfer energy to electrons per cm

of plug volume is given by nﬁEP/(nT)ep,
where the product of plug density and
equilibration time in the plugs is
given by

11 3/ 3

2 -
(nT)ep =5 %10 MpTe (em 7, s).

(3-17}

In Eq. (3-17), Mp is the mass number
for either protons, deuteron, or tri-
is in keV, and we

Each

ton plug ions, Te
have assumed that inAep = 20.
cold electron deposited with each
neutral atom injected and ionized in
the plugs escapes with an energy
equal to the total plug potential

¢e + ¢c (see Fig., 3-1) plus a trans-
verse kinetic energy Te. The fraction
of plug ion energy available Lo heat

the solenoid electrons is therefore

given by
2 2
£ - np;g, n (¢e to, t Te)
P (nT)ep (nT)p
2 -1;
n_ E, .
p__inj
(n1)
P
or
(n1)
£ =[——P—(m) (E -¢e-¢c_Te>< 1)_
P ep P inj

The fraction fp can be considered as
the efficiency by which high-energy
neutral injection in the plugs heats
the solenoid ions via electrons.

i PN )
Typically, %, 6Te and b T, are
required for adequate electron and
ion confinement, respectively, in the

i v o+ +T) =
Using (ye Vo ) =9 T,
(3-14),

solenoid.
M =2 R =2,
P s P

(3-15), and (3-17),

Ein. 1/4 Te
0.27 ——lT - 9(E' : .
e inj

For a typical T, = 40 keV, fp =0 at
Einj = 660 keV, 33% at 1.2 MeV, and
60% at 2.4 MeV.

and using Eqs.

f =
P

Electron Confining Potential

We assume that the solenoid volume
vc is sufficiently large that the
total ion loss current from the gole-
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. 1In
steady state, quasi-charge neutrality
requires the electron loss current
Iec from the solenoid to equal the
ion luss current Lic from the sole-

noid: Iec = Iic’ or approximately,

n2V n2V
e C ~ C C

’
(1), (at);

(3-19)

where (n'r)e is the product of electron
density and electron confinement time

for those electrons in the solenoid



that see a confining potential of
magnitude we (see Fig, 3-1). The
electron confinement product (nT)e is
given by a formula similar to Eq. (3-2)
for ions, with Mi T 'l‘1 4 1;,

RC -+ Rc, and ¢c hd ¢e. The electron
collision time is reduced by a factor
of 2 due to collisions of clectrouns
with plasma ifons as well as self-

collislons. Using lnAce = 20, and

g(R) = 4, we can write Eq. (3-2) for
electrons as
2 1

8 .. e

(nr)e =9 x 10 Ie (1' >
[
b _
< exp(Tg) (cm 3.5) R (3-20)
e

where Te is in keV. Equatilon (3-19) Is
only very roughly satlsficd when che
plug current ls comparable to the
solenoid cuirent, as somcetlmes occurs
for small TMR's. The [nexactness of
Eq. (3-20) is because the plug elec-
trons see a larger confining potential
¢e + ¢c and become part of the sole-
nold electron density (passing clec-
trons between the plugs and solenold)
before escaping to the ends. Thus,
the appropriate (nm)e to insure that
the total electron loss equals the
sum of plug and solenold ion currents
(3-20),

that

ig somewhat different from lq.
However, the magnitude of ¢e
adjusts to ensure quasl-charge necutral-
ity can be determined to sufficient
accuracy (within 5% by substituting
Eq. (3-20) into Eq. (3-19) and using
n, = n, from Eq. (3-5) to obtain
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9 » 10% 13/2 {"’a)
Lol
\T

. (321

e
For all cases of Iinterest, lLe/'[‘e will
be between 5 and 7; therefore, setting
tpe/'l‘e = 6 within brackets of Eq. (3-21)
will suffice to give an accurate

value of mQ/TE as a functlon of '1‘c

and (nl)i.

Electron Energy Balance

Each electron escaping from the
golenold carries out an energy equal
to we plus a transverse kinetic cnergy
Te. Correspondingly, cach clectron
Injected with a plug lon escapes with
¢Q + ¢C + Tc energy.  The electron
temperature is determined by this
¢lectron cnergy loss out tne ends by
equilibration with lons, by the
electron heating from hot plug lons
and fusion alphas, and by external
auxiliary heating (if any). We neg-
lect bremsstrahlung and synchrotron
radiation loss as small (sce esti-
mates at the end of this chapter).
Using Eqs. (3-18) and (3~19), the
electron energy balance can be ex-
pressed as
ni , ni (3/2) (Te - Ti)
T;};;- (¢E + [e) +

n2 E, . \
"t K 3 (“2>
p (n't)p \

c

(nT)ei

N

+ 1, (3-22)

<gy>LE £ f + P .
4 ¢ ao o e

e-aux



The first term on the left-hand side
of ILq. (3-22) is the clectron power
IOSS/cm3 carried out by eiectrons
accompanying the ions lost from the
solenoid; the second term on the jefe-
hand side is the energy transfer
rate/cm3 to ions by equilibration
when '1‘e The first term on the

right-hand side of lq. (3~22) Is the

> T, .
IL

cnergy lnput to the solenold via
electrons heated by the plug ions,
The volume ratlo factor Vp/Vc in this
term normalizes the heating of elec-
trons in the plugs per unlt of volume
in the solenold. Note that the elec-
tron cnergy carried out by the clec-
trons accompanying the plug lons is
included in the definition of fp,

Eq. (3-18).
right-hand side of Eq, (22) Is the

The second term on the

power density of electron heating by
fusion alphas. The fraction of alphas
adiabatically contained and thermal-
ized is fu, and fe is the fraction or
3.5-MeV energy given to eiectrons by
each alpha that thermalizes. The
fraction fe is a function of Te as
given in Fig. 3-5.

formula for fe is given by

An approximate

r =1,5-0.29 En(Te), (3-23)

e
for T in keV, +5% in the range
e st
20 < Te < 60 keV. Recall that, by
definition, fe + fi =1, for alphas
which completely thermalize. As dis-

cussed later, some alphas initially

slow down on electrons and then scat-
ter into the loss cone before glving
the remainder of their cnergy to ions,
Therefore, electron heating by alphas
is underestimated in Eq. (3-22) using
Eq. (3-23), while ion heatlng in
Since

Eq. (3-10) Is overestimuted.

conf inement is sensltive to the ratlo

Te/TL' the approxlmation that alphas
arce elther lost with no cnergy trans-
fer or elsc completely thermalize 1s
a pessimlstle approximation with
regard to the effects of alpha heat-
ing on confinement. The last term on
the right-hand slde of Eq. (3-22)
represents the power input to the
electrons by externsl auxillary heat-
ing per ch of solenold voiume, For
a given value of Einj’ Mp' Rp
Vc/vp’ L, and Fioaux

» and uslng
Lg. (3-3) for (nl)i In the solenold,

’ np/nc,

Eq. (3-14) for (nl)p in the plugs,
Eq. (3-1) for ¢c, and Eq, (3-21) for
¢e’ the ion cnergy balance Eq. (3-10)
and the eicctron energy baiance

Eq. (3-22) can be solved together to
and

obtain the ion temperature '].‘1

the cleetron temperature T ,
<

Pressure Balance

To relate the densities n and n.
to the fields Bp and Bc in the plugs
and In the solenodd, respectively, we
requlre pressure balance with the
respective betas Bp and ﬁc as para-

meters. By definition, the plug beta



is given by
n (E + Te)
B = —

(3-24)
P (B§/8n>

where E is the average perpendicular
energy of the plug ions, and B_ is

the vacuum field in the centers of the
The plug mirror field is then

B = R B .
p~max vac p

lations show that for drag-dominated

plugs.
Fokker-Planck calcu-

plugs (Einj >> Te) and injection per-
pendicular to the fleld lines as in
2XI1B, E ~ 0.9 E . That is, the

Py |3
plug pressure is anisotropic, peaked
in the perpendicular direction. Then,
neglecting Te compared to E , the

plug density can be expressed as

2
@B
n = 2.8 x 1017 PPmAX o 3, @-29)
P R E
vac ' p
is in

where B
p-max

keV.

noid beta is given by

is in teslas and Ep

By definition, the central sale-

n (T +T; +p,/0) (3-26)

B =
e (82 18m)

where pa/nc is the perpendicular

alpha pressure per unit central den~
sity given by Eq. (3-58), and where

BC is the external (vacuum) field in
(3~58)

for pa/nc’ the solenaid density can

the central solenoid. Using Eq.

be expressed as

n = 2.5 x 10 g 8%,
[ c c

11 ,.3/2 -1
12?2 <owB e £ )7,

(3-27)

(Te + Ti + 10
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where Bc is in teslas and Te’ Ti’ and

Euo are in keV.

ratio n_/n_, the betas £ and £ , and
p' ¢ P c

Given the density

either one of the fields BP or Bc,

Fgs. (3-25) and (3-27) can be used to
obtain the other field. Alternatively,
slven both fields, Eqs. (3-23) and

(3-27) can be used to obtain the
densities np and ncand the density

ratio n_/n .
p'e

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 VC/Vp. If we assume
uniform plasma pressure across the
cross sections of the plug midplanes
and the solenoid, the condition far
flux conservation can be written as
2

2
Tr B =71r_B

cel ppi’ (3-28)

where Bci and Bpi are the fields in-
side the solepoid and plug plasmas,
respectively, given by
_ 1/2
By =B, Q=8 (3-29)
(the long, thin approximation for the

solencid) and

By = B[1- ,/2)] (3-30)

(the short, fat approximation for
2XIIB~1like plugs).



(3-29) and (3-30) for

Bci and Bpi’ and solving Egqs. (3-27)

and (3-25) for the external fields

Using Eqgs.

Bc and Bp, respectively, Eq. (3-28)

can be written

r, 1- (B /2) 1/2 B_c "p
Bole-e)t ] (VRN
1/4
‘ 0.9E,
T R T+ 10!t T2/2<ov>Eu0fafe )
(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-
sity n_ at density np and that the
solenoid volume is that of a cylinder
of radius r. and length LC:

4 3

V.= 2{ro 1

> 3 p)(both plugs)(3-32)

and

vV = ﬂriLc (solenoid). (3-33)
Given the volume ratio Vp/Vc, the
solenoid length can be determined

from Egs. (3-31) through (3-33) when
either the radius of the flux tube in
the plugs (r ) or the radius in the

solenoid (rc) is specified:
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3 -3
REHEE 6
c Vp 3r§ Vp 3 "¢ rp
v '8 r 2
=<$)<§rg<§v (3-34)
P c

The radius r, will be usually be
determined by the economic require-
ment for sufficient solenoid Ffusion
power per square metre of blanket
(which scales with rc), balanced with
the requirement for sufficient Q and
a given total power output. Altern-
atively, depending on the injection
energy Einj and plug field Bp, the
radius of the plug rp might be deter-~
mined by the requirement for having
of the

a reasonable fraction plug

neutral beams trapped in the plugs.

The trapping function ft for the

plug beam is given by

(3-35)

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

tions by Rivier:e,B—21 is given by

0.91
-14 M
y=1.85x 10" nr {—B
Pp\E

inj
(3-36)
with n_ in em” , r_ in em, and E, ,
p inj
in keV. The competition between the

need for high Einj and small plugs

may sometimes lead to ft substantially



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.

power over injection power actually

(Q is by definition the fusion
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,

aux in Egq. (3-22)

is assumed to be the same percentage

the absorbed power Pe—

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
fa of contained 3.5-MeV alpha parti-
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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
Lup/u that occur when the alphas reflect

at the ends of the solenoid can be

3-22
expressed as
A .
<~A—“> -2 exp(-<fe) , (3-37)
u 2 v
: rms 1
where the amplitude A, =~ 4 for the

0
majority of off-axis alphas (AO is

less for axis-encircling alphas).
Assuming a quadratic field variation
of the transition regions in the ends

of solenoid,
S i
2n?

where X = vl/v in the uniform field

1+ 22
3

(3-38)

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 6 = 20° (A = 0.342), and
k =~ 2.0 for alphas with 6 = 80°

(A = 0.985). The quantity £ is given
by
v
€ = (3-39)
L s
% &y
where v is the alpha velocity,
0 o Bey (3-40)
0 %u



is the alpha cyclotron frequency at
the field Bci = Bc a - Bc)l/: inside
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

Toa 2 Theo (3-41)
where TaB is the time for an alpha to

diffuse in pitch angle by nonadiabati-~
city from its initial angle Oa to the
loss~cone angle Uc, and where Tue is
the slowing-down time for an alpha by
electron drag. Assuming an alpha
makes a random (uncorrelated) pitch

angle step of average magnitude

a0, = by Iv) = (A\

2) (éH) rms (3-42)

in each bounce time T

bounce - Lc/vu’

Eq. (3-41) can be expressed as
. 2
B, -9)
az c > 5 x 10! Tz/z/n X
<pB >°/T ¢
o . ' "bounce
(3-43)

where we have written the alpha drag
time 1 in terms of T 1in keV and
ae e

electron density n, =n_. Using

Eq. (3-42) then, the condition for

adiabaticity is
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pma— (3-44)
rms Y N

@ 0=,

where N = T_e/T is the number

et bounce
of longitudinal bounces an alpha makes
in the solenoid in one slowing down

time. Using Eq. (3-37) for (Au/u)rmS

in Eq. (3-44), we obtain
k/e z in U/f‘*Ne (3-45)
u c
for adiabaticity. Using Eq. (3-39)

and (3-40), this can be written

M
o3 1 VN
Beily 2 V(Zq) (K) g“(oa - ec) ,

ar

1/2 . 0.27 [ V2N
Bely 4 P72 “(ea - ec) ’
(3-46)
for 3.5-MeV alphas (v = 1.3 x 109 cm/s),

is
]
Consider the two cases

and where BC is in teslas, and L
in metres.
eu = 20° and eq = 80°, for which «
= 0.7 and 2.0, respectively. For
the reference case parameters,
N = 1.7 % lO5 bounces at ea = 20° ani
3.2 % 104 bouncus for Ba = 80°. If
we take a typical value for the loss~
cone angle 8, = 13°, Eq. (3-46) gives
BCL”(l - Bc)l/z > 3,2 T*m for contain-
ment of 20° alphas, and BcLu(l - 36)1/2
> 0.7 T*m for containment of 80° alphas.
If we assume the reference case BC

=2.2 T and Bc = 0,7, the required



field gradient scale length LH

for 6, = 20° and 0.6 m for Ou = 80°.
Since either field gradient length
could probably be designed for the
solencid transition regions, the

. for
omin
adiabatic confinement could be chosen

minimum alpha pitch angle 8

anywhere between these limits, giving
a fraction of contained alphas fu

= cos{ ranging from 94% to 17%.

umin

In the absence of nonadiabatic effects

Fokker-Planck calculations3_20 indi-
cate that 70Z of the alphas thermalize
for a mirror ratio Rc = lO(OC = 18°).
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.
adiabaticity, alpha loss by Coulomb

For Ea < 1 due to non-

scattering will be less important.
For the present physics model, we
assume that all adiabatically con-
tained 3.5-MeV alphas (Ba > eamin)
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 fa = 1 even

though fa < 0.95.

is 2.7 m
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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 fe
and fi of the initial alpha energy

E that are transferred to electrons

0
and DT ions, respectively., By defini-
tion, then,
Ee + fi =1 (3-47)
3-23

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

e
fi from the drag rates of alphas on
electrons and ions. If we assume
that Ea >> Te’ Ti’ the decay of alpha

energy is given by

dE, E, E,
rrai S
ue al
where
T =5 x 10t T3/2/n (3-49)
ce e

is the drag time on electrons and where

T . =1.7 % 10° F_;/Z/nc (3-50)

ol

is the drag time on DT ions in the

solenoid. (All energies are in keV;

lnAue = lnAai = 20.) Equation (3~48)

can be expressed as

dE E E 3/2
T 1tk —%9 , (3-51)
oe o



where

1.43 » 1073 Ti/z,

k =

and where E__ = 3500 keV is the ini-
i)

0
tial alpha energy. Note that as long
as E »> T , T,, the rate of alpha

A4 e 1
energy loss depends only on Te and
E .
A

matter until the alpha velocity

The ion temperature Ti does not

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 T, but when E 2 30 T,»
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

_ -t”  .2/3
Ea(t) = an [(k+1)e -k N
(3-53)
where
.- 3t
L (3-54)
ae
Note that the alpha completely therm-

alizes (Ea + 0) when t”~ =
The fraction of alpha energy trans-

ferred to electrons is then given by

E
f =El—f<‘f_a>dt=%
€ e e

. 92/3
-[ﬁk + et —k] dt” . (3-55)

[ (k+1)/k]
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gnl(k + 1)/k].

The fraction of alpha energy trans-

ferred to ions is correspondingly

given by
E
£, = Fl_.H’F<F_E 4t
. Y ai
in{(k+1)/k]}

wdt
[k + e ™ = ki

1/3

(3-56)

A plot of fe and fi as a function of
Te is shown in Fig. 3-5. Note that
alphas transfer more energy to ions
than to electrons for Te > 33 keV.
Ratios of Te/Ti > 1 improve electro-
static confinement in a TMR, a process
‘ich requires more energy into elec-
trons than ions. However, because
alphas heat the electrons less than
ions for Te 2 33 keV, ignition at such
temperatures occurs only with Te/

Ti < 1 and requires fairly large
density ratios (see '"'Q Scaling in a
TMR") .

input, either by plug ions or other

Additional electron energy

external sources, is required to

obtain T (T, > 1.
e' "1

Hot-Alpha Pressure

Associated with the instantaneous
power input per cm3 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 15 much greater than Te’
one can express power balance between
fusion production of alpha energy and
a’pha energy loss by drag from the

electron component as

3

5 P

2 ‘o 1 2

T =7 M <ov> an fafe, (3-57)
o e

where Toe is given by Eq. (3-49), and
fe is given either by Eq. (3-55) or

more conveniently by Eq. (3-23).
Using Eq. .(3-49), Zq. (3-57) can be
solved for the hot-alpha pressure per

unit density in the solenoid:

— =10
n
[

P
2 1 Tzlz (3-58)

<gy> .

av EaOfafe

For the reference case parameters
(Table 10-2), the ratio of alpha
pressure to electron plus ion pressure

Py / [nc(Te + Ti)] ~ 36%.

Q SCALING IN A TMR

The Q in a TMR depends on a number
of independent plasma parameters — Einj
Mp, np/nc, VC/VP, and fa —and also
depends weakly on the plasma betas
Bp and Bc insofar as they affect the
mirror ratios Rp and Rc seen by the
plug and solenold ions. For the case

with auxiliary electron heating, the
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Q given by Eq. (3-4) can be general-

ized to include the electron heating

power:
1 ‘E n. 2
Q=7 (1) <ov> k - )(T)
inj p
,Vc
(g—> a-r), (3-59)
p
where
p _ v
F o= e-aux _c (3-60)

€ ’nZEi,v\
P _Inj P 4+ p v
(nT)p 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 Fa » 1 (dominant
electron heating), Q > % nc2 <gv> Ef

Pe—aux’ so that Q no longer depends
on the plug parameters or Vc/V '

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 /nc
or chp’ Q could be made arbitrarily
(3-59).

ever, increasing nc/nc generally in~

large according to Eq. How~-
creases blanket cost per kW; higher
Vc/Vp generally requires larger re-
actor size and power. Nevertheless,
a high Q is necessary also to keep
the recirculating power small. One
Gf the most uncertain reactor cost

estimates at the time of this study



is the cost of the MeV neutral-beam
injectors for the plugs. Depending
cn how large the $/kW of recirculat-
ing power by those beams is in the
final analysis, Q may possibly nced
to be increased to ten or more for
economic operation. In that event,
it is desirable to know Lhe 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 referencc case, the
extra energy comes from plug ions
heating the electrons, parameterized
by the fraction fp of neutral-beam
power that is available to the sole-
noid electrons., Auxiliary direct
heating of electrons is parametrized
by the fraction Fe of total injection
power that is direct electrun heating.
The plug parameters are coupled to
solenoid parameters though the elec—
(3-22),

Equation (3-22) can be solved for the

tron energy balance Eq.

volume ratio, giving

XS . ER - (m:)i - Fe
Vp n (nT)p p 1~ Fe
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E

in} N
(D, 5 1
et Tt [CE¥ Pa, =TI E,
(3-61)
1
2 (m)i <gv>
where fb = e (3-62)

1+ %'(nr)i <gv>

Substitution
(3-59) then

is the burnup fraction.
of Eq. (3-61) into Eq.

gives

(3-63)

Note that Q is directly proportional
to the burnup (fbll - fb), hence
proportional to (nT)i, a dependence
(3-59). When

there is no auxiliary electron heat-

not apparent in Eq.

ing (Fe = 0), Q is directly proﬁor-
tional to the plug heating fraction

f . The way to increase Q with fp is
to raise the injection energy Einj
according to Eq. (3-18). However,
raising Einj at fixed B_ and B
decreases plug density and solenoid
fusion power demsity. When Einj/To

is such that £ = 0 by Eq. (3-18), Q

is directly proportional to Fe'



Compared to the reference case with
{ =
p

ing and fp = 0 would need Fo > 1/3 to

1/3, a case with electron heat-

do as well, assuming the generating
and injection efficiency for electron
heat ing were the same as the necutral-
beam efficiency.

For the case of no electron heating
(Fe = 0), Flg. 3-6 shows the variation
of Q, Te, and Ti with volume ratio

(i.e., solenoid length) for a
fixed plug injection power, a fixed
injection energy Einj = 1 MeV, and a
fixed density ratio np/nC = 10,
Deuterium plugs, RP = 2.5, and an
alpha containment fraction fu = 1 are
assumed. As the volume ratio is in-
creased, the power input per unit
volume of solenoid from the plugs is
decreased, so that the equilibrium

electron and ion temperatures decrease

monotonically with VC/VP. However ,
T I
10 ~1 60
9 Te— 40 3
>
s—2a <30 !
(=] =
7 T —\ 20 P}
6 10
5 I I
500 1000 1500 1900
Volume ratio, V,, /Vp
Fig. 3-6, Variation of Q, Ty, and T

with volume ratio V.V (subignltlon)
for np/m. = 10, Ejng = 1 MeV, £y

= 1.0, and Fg = O,

the total solenoid fusion power is
increasing faster due to the volume
increase than it is decreasing due to
the decrease in Ti and <Jv- Beyond
a certain volume ratio, however, the
rate of decline in <Jv-. with Ti cannot
be compensated for by Increases in

volume, and () decreases,

Condition for lgnition

The conditions for alpha heating

alone to sustain the solenoild (igni-

tion) can be expressed as -
1 2 . e .,
4P v Bl le (nr); (e + 1)
2
l"lc -
o— L - E
ai () 0y oeen
ei
and
2
:]-" n2 <gv> E _f f, n ( + T,
4 ¢ w0 o i (nT) 4’ )
n2
c 3 )
el e <2> (Te -T (3-65)
el
Adding Eq. (3-64) and (3-65) and using
fe + fi = 1 and (nt)i = (nT)e, we
obtain
1 2
4 " <GV>Ea0 fa
2
n
c

= ?;?7; (0, + o+ T, +T,), (3-66)



or
4z + 1 4+ Te + TQ
(n7), = T (3-67)
: <cv>» E
‘JO 3

For ignition, (nt), has a minimum
14 -3t

7 <10 cm

at np/nc x 17,
* 40 keV, £ = 1.
a

for ignition in a TMR is higher

Te = Ti The required
(n1),
than in tokamaks because the encrgy
carried out per ion-electron pair is
greater than %(Te + Ti) due to the
potentials. On the other hand, the

ions fall through the combined poten-
tial by + 1, on escape, making effi-
cient direct conversion possible in

a simple one-stage direct converter

with a coilector potential at ¢e
+ 4

Ideally, the plugs should not in-
put any net electron energy to the
solenoid under conditions of ignition;
i.e., fp = 0. The solenoid parameters
can then become uncoupled from those
plugs; Te and Ti become independent
of VCVp. In Eqs. (3-61) and (3-62),
this means that the denominators of
the energy ratios in brackets go to
(3-64).
Vch and Q can then assume any value.

Although the effective Q of the sole~

zero, in accordance with Eq.

noid alone is infinite at iguition,

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 VC/VP, or solenoid length.
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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
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 sufficlent for ignition,
np/nC = 16.5, All other parameters
3-6. Q is

seen to increase indefinitely with

are the same as in Fig.
volume ratio. Te and Ti approach
constant asymptotic values = 40 keV
at large volume ratios, so fusion
power is also increasing proportional
to volume. Te and Ti actually wvary
slowly with the smaller values of

VC/Vp because the assumed injection

104 L T T T3 104
10° - — 108 >
N R ]
L J =
o :._-
i 1 =
102 T 107 *
= Te——
10 i 11 ll 1 (| Il 1 1 10
108 104 10° 10°
Volume ratio, V‘:/Vp
Fig. 3-7. Variation of Q, Te and Tj

with volume ratio Vc/Vp (ignition)
for np/nc = 16.5, Ejpy = 1 MeV,
fy = 1.0, and Fg = 0.



energy Einj = 1 MeV is too high for
f 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 Te heats up to ap-
proximately satisfy f ~ 0. An in-
jection encrgy Einj x 660 keV would
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 unecco-
nomically low at the density ratio
np/nc = 17 required for ignition and
at a total net power output of
1000 MW(e). ‘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 np/nC = 9, at
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

Here we consider the removal of

thermal alpba particles and higher-Z
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‘mirror machine.

impurities in a TMR by classical
radial diffusion across the solenoid
field, as suggested by Dimov, 373
Such diffusion can occur by collisions
between the nigher-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 radial
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 dnu/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,
na(rc) * 0. One such mechanism

is to inject high-energy neutral beams
tangentially into the boundary layer,
heating the ions Ti, Tu > ¢b, where

¢b is a small boundary layer potential
barrier reduced by a lower Te in the
layer. The DI ions in the layer are
contained for a collision time as in
a high-temperature, ¢ = 1 conveantional
Alphas with Z = 2 and
higher-Z impurities are then prefer-
entially expelled from the layer
because of their higher scattering

rate.
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Fig. 3-8. Radial profiles of solenoid and plug.

For the case where there are no

2\1/2 2

thermal gradients (9T/dr = 0), Long- 4 21rb112c / c
- T o= 4| —= 2
mire and Rosenbluth3 24 derive the 12 3 kT 82 nAlZ
flux rl?_ of Species 1 due to the col-
lisions with Species 2, which can be q dn on
« | L n =2 - n L (3~68)

written for Tl =T, as 2 L or 293r /°?
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where Ml

Equation 68 predicts that the net

2 is the reduced mass.

charge flux is zero

1 r,, =0 (3-69)

P+
9tt12 T 90y

Rose 22

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 JZ,nl\ai =22,

beconmes

_ 6.1 x107¥
ol 2
/f; Bci

where Ti = Tu is the ion temperature
in keV, and Bci 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 Fai <0 even though
the alpha gradient were negarive
dnu/dr < 0, Thus, it is important to
keep dni/dr zero or positive, as in

£ in Fig. 3-8,

no axial loss of the

the central zone
1f there were
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 dnlldr < 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
nianalar in Eq. (3~70) exceeded
Bni/Br.

Zn For small burnup frac-

(e d

tions fb =

would be small, so that in steady

0, the net alpha flux

state
ani ana
Ly 3r Ty 3r -0 G

Equation (3-71) can be integrated to

give
n n
zn(599> =z zn(—ig),
ob o b
or
n n ZQ
10
2. (n ) , (3-72)
ob ib



where n n are the alpha and DT

0’ 10
ion densities at r = 0, and n , , n,
b ib
are the corresponding densities at
the plasma boundary r = r. Lf the
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).

concentrate even more.

Higher-Z impurities would
Only because
the dominant loss of DT ions is axial
is it possible to preserve dn, /dr 2 0
by an appropriate distribution of
neutral injection in the solenoid,
giving rapid ontward diffusion of

alphas and impurities.

We now wish to calculate the steady-

state alpha fraction C, = n’/ni at
r = 0 using Eq. (3-70) under condi-
,f a constant radial pressure

(3-8), such that

tions
profile as in Fig.
the internal field B , =B (1L - 2)
ci c c
is uniform in radius. 7The condition
that the total solenoid pressure P,

be constant can be written

P
p.inT,. +nT +nT <1 + ~—?~)
c ii [SA) e e n T
e'e
= constant (r < rc), (3-73)

where P, is defined in Eq. (3-57).
Since equilibration between thermal
alphas and DT ions is rapid, we can
take Ta = Ti = constant. We assume
nearly uniform (n‘r)i in radius, so we

can also approximate Te ~ constant,

1/2

with radius., Assuming Te = 40 keV
and Ti = 30 keV (reference case) and
using Eq. (3-58) for pu/ne, we can
write Fq. (3-73)

n,+n + (n, + 2n ) (1.33)
1 L 1 A

2
U.SSn;

oL +.,__-«..._§. = constant.
(ni + Zn%)

(3~74)

Taking the derivative of Eq. (3-74)

with respect to r and assuming

C < 1, we obtain

o
dni dnw
— x- 0,68 — —~
dr 8 dr ’ (3-75)

to lirst order in Cu. By substituting
Eq. (3-75) into Eq. (3-70), the alpha

flux can be written

dn

v = -p —2 alphas
al « dr 2
cm *s
(r < rc). (3-76)

where the diffusion coefficient Da is

given by
D
o
_ 6.1 x 1072 0, @+ 1.36C )
= i ¢}
— cm’ /s,
/Ti B, 1 - BC)
(3-77)

In Eq. (3-77) we have used B2 =B
cl c
(1 - Bc). Anticipating small alpha

fractions Ca << loverr <r , and
c



because the radial profile is kept at or

constant pressure by appropriate g
neutral-beam injection, we note that C2 = -<4; ) ri R (3-82)
Da is approximately constant with <
radius. We obtain the steady -state Thus the density profile of the ther~-
alpha density profile from the mal alpha is
diffusion equation Jarg rz
dz"u nu(r) QDJ <l - :§—>. (3-83)
D, T *J,=0, (3-78) ¢
dr
We are interested in the average alpha
where fraction over 0 < r < r.:
3=k (% nf <ov>) (3-79) s
c, ﬁ—s—i . (3-84)

is the source strength of the thermal

. h s noted
alphas For the same reasons note Using Bq. (3-77) for Du’ assuming Cu

bove, J 1s nearly constant with ) . i
above, 4, y in the range of 10%, and using

2 2
adi = . Th
radius, so d na/dr const e Eq. (3-79) for Ja’ we obtain

solution to Eq. (3-78) is then
) C, = 4.5 %107 ¢ <ov
n, (r) = Cl o+ CZ’ (3-80)
ST 3P - B, (3-85)
where the constants Cl and C2 are <

i v the boundary condition
determined by th y For the reference case parameters at

= h lux;
at r rC on the total alpha flux; Bc = 0.7 and taking fa = 0.7 for the

dn actual thermalization fraction (see
-p —2 e 2Mr 2. =J nrzl
o dr ST c o ¢ 7’ "Alpha Heating of Ions and Electrons"),
Eq. (3-85) gives E& = 20%. However,
or with the same parameters except for
Iy 3-81) B, = 0.95, Ed = 3%. Thus, high beta
Cl - QDQ ’ in the solenoid is important for ef-

ficient alpha removal. At any beta,

by the bouadary condition that
and by y a re~optimization of power cost with

d it to roat r = r ;
the alpha density go zeto a ¢’ a self-consistent alpha fraction would
l probably result in lower values of
n_{(r)
o =
| r=r Ca by compromising fa’ Ti’ and ..
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Probable values of Em in the neighbor-
hood of 5%, depending on ﬁc, would

result in lower (n‘t)i by a factor of

2z ~
Zuca )

scattering on the alphas.

20% due to enhanced DT ion
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 Fz and diffusion co-

efficient D, for impurities increase

Z
proportionally to 2,

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
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and field are higher there, the

volume of rhe plugs is sufficiently
small compared to the solenoid volume.
Bremsgtrahlung is ne3jligible 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
Trubnikczv,3_26 using an effective
plasma radius rp/(l - Rw) in the
presence of conducting walls having
reflectivity Rw’ as Sugggfgid by
Drummond and Rosenbluth. The
synchrotron radiation loss per cm3

of plasma is

P - 6.2 x 1077 Bi T

n

sync e
2

K3 (mc /Te)

K (w~cm‘3), (3-86)

K, (mc2/Te)

where Bi is in teslas, n is in cm_3
c

KJ and K2

modified Bessel functions with argu-

b

and Te is in keV. are
2

ments mc /Te’ the electron rest mass

energy over the electron temperature.

The ratio KJ/K2 can be expanded for

large argument to give

K3(mc2/Te) T,
v = oo e e (3-87)
K2(mc2/'1‘e) 204

for Te in keV. The dimensionless
coefficient KL for plasma reabsorp-~
tion of radiation can be expressed by

an approximate formula given by Rt)s43,3—2



which fits Trubnikov's exact calcula-
150 keV:

tions within 10% up to Te

K = 2.1 x 1073 TZ/“//.?!, (3-88)

for Te in keV. Equation (3-88) is
valid only for KL << 1, or strong

reabsorption, as is usually the case.

The dimensionless plasma length &£ with

reflecting walls can be approximated

by
. 2
r W
L~ (_Ll )(—-P—_e ) . (3-89)
- R cWw
W ce

The internal field Bi is determined

by the plasma beta £ and pressure

balance:
8 (Bi )
g \&r7 = neTe + niTi . (3-90)

Assuming n, =n, and Te = Ti’ Eq. (86)

can be written, using Eqs. (87)
through (90):
P ~ 3,8 x 10—37 n2 TU/4
sync e
T 1-Rr 1/2
1+ ) — W
( 204><< x B >>
p
3/2
(=B -
< > > . (3-91)
r
P
where <rpB> = f B, (r) dr  (3-92)
0

is a quantity proportional to the

number of ion gyroradii across the
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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 Rw = 0.99. 1In
the plugs, the end holes have rela-
= 0.90. The

tively more area, so R,

product <rpB> 1 T*m in the solenoid

and 4 T*m in rhe plugs. For the
reference TMY

Te = 43 keV, Ti = 30 keV, the ratio

reactor parameters at

of fusion power to synchrotron radia-
3
. P > “
fUSLOn/ ’ 107 at

sync ~
0.7 in the solenoid, Thus,

tion power P

©
c

synchrotron radiation would be small
even if Te were higher. In the plugs,
the ratio of the neutral-beam power

in the plug to synchrotron radiation

E12 E ./(nT)P]/P

p inj sync
is small there also.

> 40, so radiation
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SUMMARY

TLe new concept for a mirror
fus;ion power plant, the tandem mirror
reacivr (TMR), valls 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 neutrali:ation 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
4-2

Lc'geml'_l and Dimov et al., - the

power output comes from a central,

axisvmmetric solenoidal cell of
length appropriate to the desired
total electrical 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 reguired 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 questien,
"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
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are we forced to admit that our pro-
jections are uncertain; however, we
note that the wall loading of 2 Mw/m2
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
supercanducting 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 comstruct 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 cyiinder with weld
flanges,

#® Superconducting solenoid coil
in its vacuum jacket,

e Support frame,

e 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/shieid installation
1s 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 manifolds 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.

system was used by Skiaky Bros.

Inc. 3 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
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R _~-—Segment

\ -~ transporter

Blanket module for the TMR.

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. O01d 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



mass to an exit door and then revers-
ing the process with a new module
seems unnecessary and fraught with
difficult design problems affecting
what now is a simple building

structure.

Energy Conversion in the
Blantet/Shield Segments

There are many ways to builld 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.
Every gram of lithium must flow twice
across the solenoid flux. The space
occupicd 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
lichium flows from the manifold ring
to the blanket segment is 15 em, and
the resulting flow velocity is 0.24
m/s. Using this value, we evaluated

the lithium circuit for MHD pressure

drop:
WP =, LVBE S 235 psi
MHD 9, ¢cl+c ’
where
7, = 3.05(10)6 mhos/m conductivity
of lithium
L = flow length,
V = flow velocity,
BC = magnetic field strength

perpendicular to flow,

[Uwall % (wall thickness) ]/

19 i thium
channel)]

(radius of flow

When the MHD and hydraulic pressure

drops are summed,

MHD AP 235 psi
Hydraulic AP 50 psi
Total circuit AP 285 psi
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Fig. 4-2.
Arrows show lithium flow,

the total is equivalent to about 15
MW of electrical power needed to
drive the lithium circulating pumps,
or 1.5% 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-
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Possible design for a circulating-lithium blanket/shield segment.

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. Tt 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. 1In this

technique, a separate cooling circuit



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
Be),4_4 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.

"hot-spot' lithium temperature of

These results apply for

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),

Radial 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.

Lee et aZ.,A-s proposed the third
approach to an energy-counversion
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



removed from such metal envelopes in
He He several ways:
out in . P R
e By allowing tritium inventory
\ to build up in the envelope until
/ blanket replacement time and then

\ /
P ’) processing the extracted breeder
\

O\ A
4 /
Y / envelopes to remove accumulated
/[
/
\
s

Lead cement
cylcium,

e By slowly circulating helium

=3 F I through capillary tubes contained

Hastelloy-X
Carbon —\w ‘ !
Vacuum — VL $

2

/’~/ \ N tion. As bred tritium permeates into

the tubes, the separate helium flush-

wlthin the breeding envelope. The

capillary tubes would be made of

¢ [ QU (N S

material that permits tritium permea-

ing circuit sweeps it away.

Vacuum tube
for T,

= Helium coolant
flow path
removal

i (permeable

L L) Permeation-resistant,
. Li-alloy envelope

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 F].g. 4-4, Static lithium container
in blanket for TMR. Arrows show
flow path of helium coolant.

breeding blanket. Tritium could be
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® 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

Qur paramount objectives were
simplicity of structure, ease of dis-
assembly and change-over, and as a
result, low cost of blanket/ghield
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
anc 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.
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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 stremgth., 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.

time whether the small Yin-Yang

It is not known at this

should be superconducting or be made
of cryogenic aluminum. Detailed

field calculations will determine
whether Nb3

operated here or whether the price of

Sn wire could be safely

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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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

The plasma density of the plugs
must be maintained by the continuous
injection of deuterium ions.4-6 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 extraction grid area 10 cm

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‘progressjve shielding in
steps of 200 kV is being developed.
Figurce 4-6 shows the beam line
arrangeaent with nested shiclds. Two
of these source arrays are planned
for e¢ach plug. Three of the above
described 50-A sources supply the

current for edch injector.

Spark-down during initial opera-
tion of such high-voliage equipment
is incevitable. By controlling the
energy in the spark it ean he advan-
tageous, smoothing out shoarp points
or edges, minimizing subsequent ares.
To control the spark energy to about
10 J, the shicld must be subdivided
into arcas of a few square meters
that must be electrically 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
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neutralized in a stripping cell at
+600 kV (see Fig. 4-6).

A cesium cell will be used tc
double charge exchange the posit”ve
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 957%,
& By a metal vapor stripping cell

with efficiency approximarely 627, or
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reutral-beam source.

® By a high-density plasma-stripping
cell using cesium jons with estimated
efficiency of 827,

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



thus becomes ahout 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..me 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
cut 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 aand half into the
vacuum space on the far side of the
bulkhead.

deuterium,

When loaded with frozen
the tubes are rotated 180
degrees on their centerlines 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
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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 coavertor on
the far side of each beam line would
substantially 1lmprove the overall
efficiency of the power plant. This
convertor will be a single-stage
device similar to the venetian-blind
convertor proposed by Moir et al.,4—7
and the housing will iﬁclude cryopump
panels sufficient to continuously
pump the expected résidual 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 fa 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



problem related to the capacitance of
large electrostatic shield surfaces
became a great concern. I[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.

convertor efficiency and create

This would further degrade

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
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arrangement. A membrane of stainless
steel periodically anchored to the

heavy post-tencioned concrete secon-
dary containment structure can secve
as the vacuum vessel. This membrane
can also serve as the "fcrm" for the

concrete of the containment shell,

CONTALNMENT BUILDING

This TMR is long and relatively
slim. The configuration of the con-
tainment building differs greatly
from anv 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 ard
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 Znward to
prevent excess pressurization result-
ing from a primary heat exchange loop

accident. The entire reactur vacuum
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Annuius contains support
hardware plus spark-damage
limiting choke-coiis.

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
researcihers in Europe that evacuztion

. of the containment building offers

some safety advantages at a negli-
gible increase in cost. Plumbrook
St:at:ion,[‘_8 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



possible exception of a slightly
arched roof). They can be more
economically designed if the pressurce
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 reinferced concrete wall can be
considerably thinncy if designed to
meet the reversed luvad condition,
Calculations show that for the same
weight of reinforcing steel, only 607
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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CHAPTER 5. DESIGN OF THE COIL SYSTEM
FOR THE TMR PLUG

M. A. Peterson
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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 magnetric forces

to an external clamping structure.

INTRODUCTION

General Description of
the Plug Coll 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 [BO|

= 18 , design (|BOJ = 18-T) shown
in Fig. 5-1, two lower-field cases
(|Bol = 16.5 T and |B0{ = 15 T) were

developed from the high-field case
by suitably scaling down the winding
current. Although the intermediate

— field strength (150‘ = 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
(|BO| = 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 rema{ning
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-stabilized, Khzhn
superconductor, the inner support
structure may have to be prestressed.
The maximum allowable current density
in the winding of the superconducting
soleneid is determined by requiring
that cryostatic stability be miintained
locally throughout the winding. The
detailed conductor configuration used
in the crvostatic stability analyvsis
is based upon the conductor desipn
propused for the MFIF.>T!

The Yin-Yang coil (Fig., 5-1) 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
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svaten, we shall review several impor-

tant cone lusio that vmeryed from

the iterative search for a coil design,

sield
20

11 ver: hiyh magnetic

strengths are desired (o T, coil

svstems incorporating beth super-

conducting and oryvogenic—aluminum

conductors Appedar necessary for the

following rcasons:
current density of

e lhe critical

available superconducting materials

is quite low at high tIux aensitics,
and

® The rutrigeration power for a
roil system composed cntirely of

cryopenic aluminum is prohibivive,
- . . 4
Thus, it field strengtl, ihuve

about 20 T are specified, 'he coil
windinj would probably incorporate
cryogenic aluminunm in the portion of
the winding where the iield strength
was very high (!B 20 T), 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 1ow‘yield
stresses of the conductor materials —
especially the high-purity aluminum
used in the cryogenic—2luminum
conductor (pr =1 x 108 N/mz,

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-
iug temperature. Thus, the material
from vhich 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 seriows for cyyo-
genic aluminum windings (aluminum-
alloy structure (0. = 3.4 x 108 N/mz,
~ 49,2 ksi) than for the copper-
stabilized superconducting windings
(stainless-steel structure, oyp = 6,9
* 108 N/m2 =~ 100 ksi).

When we sized the internal structure
by the analysis described later in
this chapter, and when we assumed
reascnable current density values
within the conductor itself, it became
apyarent that the large amount of
conductor displaced by the internal
structure severely limited the average
cvrrent 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

-2 .
TMR reactor system5 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 2XIIB suggest that a plasma
can be confined by a mirrvor-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
(]BO] > 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
Since the

upon the winding geometry.

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
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TMR 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 mey be feasible to use super-
conductors for both the Yin-Yang and
solenoid ccils. 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 st . uctural 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



required ta'verify the feasibility
of a cryogenic~aluminum, Yin~Yang
coil system. Because of the limited
time available, only the magneric,
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 gquite
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 <he
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 |B|) 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 aund
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
. 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
disnussed 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 conducter
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;. )Bofg 15 7)
is shown in Fig. 5-1. This system
utilizes a relatively small Yin-Yang
coll set with a square conductor cross
section located inside two solenoid

colls to generate a shallow minimum-~
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|Bj well. The 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 Jayers 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).

coil (detail, Fig. 5-1) incorporates

The Yin-Yang

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 generaced 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 -urrent 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.

used a magnetic calculation performed

This was confirmed, and we

with the correct current density

distribution in the solenoid winding
to detexrmine that the error was less
than 2%. We found that the average

current density values initially

chosen for the solenoid (J = 3000 A/cmz)

and for the Yin-Yang coil (J = 2337

A/cmz) 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 shown in
Fig. 5-3, it appears that a closed,
minimum-|B| well does exist, although
it is very small (radial mirror ratio
< 1.002).

is superconducting, the magnitude of

Since the solenoid coil

the field within the winding is of

considerable interest. Since (unlike



Table 5-1.

TMR plug coil system/EFFI input.
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Fig. 5-2. Plot of on-axis magnetic field strength |B].
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 contours in Fig. 5-4, it can be seen

region) the field strength within the that the peak field strength within

solenoid winding itself is sensitive the solenoid winding is actually less

to the actual details of the current than the mirror field strength (17.8 T

density distribution, we calculated vs }Bmpl = 19.2 T) hecause the mag-

the field using the actual current netic fluz vector components gener-—

density distribution determined later ated by the solenoid and by the Yin-
in this chapter, Yany coll are oppositely directed in
The plot of constant field strength the region of the solenoid.

contours across the solenoid winding To investigate the effects of

obtained with the actual current lowering the central field strength

density distribution is shown in while maintaining an approximately

Fig. 5-4. From the values of the constant mirror ratio, we developed

Contour No. Bl {V.F;ue

1B 12.036

1 18.054

2 18.072

1.5 T | — I I T : 1809
4 18.108

5 18.126

- 6 18.144

. No. 19 7 18.162
T 05| 8 18.180
x Y, 9 18.198
z 10 18.216

B n 18.396

Hi 12 18577

0> "_-'1‘“5 13 18.757

: 14 18.937

15 19.118

16 19.298

17 19.473

18 19.659

19 19.836

Tig, 5-3. Constant field strength contours of the minimum-|B|well.
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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 107 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 i the geo-
metry of the coil system is unaltered,
the reduced currents in the solenoids
were obtained by teducing the radial
thickness of the solenocid 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

QOuter
/winding Contour No, Bl value
layer (T}

l 1 19.961
2 19.106
3 18.060
4 17.109
5 16.159
6 14.258
7 12.357
8 11.406
9 18.456
10 95.050
m 86.550
12 76.040
L 13 66.540

Pt e 14
=] | 1 o
-35 -3.0 -2.5 -2 -1.5 -1 -05 16 28.520
Inner B No. 4 17 19.010
winding 18 95.000

layer
Fig. 5-4. Constant field-strength contours across the solenoid winding fci the

actual current-density distribucion.

Item (a) 1s the conductor layer at j4’

item (b) the conductor layer at j3, item (c) the conductor layer at iz

and item (d) the conductor layer at jl‘
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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 solenoild 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
3000 A/cm?.

directly on any particular calcula-

This value was not based

tions, but rather represented a first

guess of what should be possible using
by
plated field strengths.

Sn superconductor at the contem-—

For a particular desired value of
the central fleld strength and a given
svperconductor, 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 coll 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 (|30| = 15T and |Bg]
= 16.5 T) were developed by reducing
the radial thickncss of the solenoid
winding while maintaining the current
density used in the high-field case
(|} = 18 T, J = 3000 A/fcm?), 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 demnsity 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 (§P) in an incre-
mental length (6%) of conductor be
equivalent to the thermal power
(ch) removed from the conductor
surface [2d(1 + b) 8] by the helium
coolant. With the conductor geometry
specified by the dimension of its

Jlargest side d, its aspect ratio b,

and the fraction of its cross-sectional

area occupied by each conductor compo-

nent (copper stabilizer fcu’ super-

conductor f_ , coolant f and insula-
sc he

tion fin’ Fig. 5-5), the Joule dissi-

pation induced by the entire conductor
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Fig. 5-5., Generalized conductor
design, where

b = aspect ratio of cross section

= t/d,
d = dimension of largest side,
o = fraction of -~onductor surface

area interfa-ing with coolant,
fSc = fractional cross sectional area
of supercandistor £ Ago/Aroy.
fcu = fractional cr’ss sectional grea
of copper stabilizer = A /A,
: . tot
= fractional cross sectional
area ?f insulator = Ain/Atot’
f, = fractional cross sectional area
he -
of He coolant = Ahe/Atot’
p(]B], T) = resistivity of
co?p$r stabilizer
j(Bj, T) = critical current
density in super conductor,
= average heat transfer rate
per unit of coolant passage-
conductor contact area,

= +
Atot Ahe Asc + Acu + Ain ?
and

= +
I fhe fSc + fcu + fin
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©
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[
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current flowing in the copper stabil-
izer is given by the following expres-

sion:



A
2,0 _ . 2f{7selfA
6P = I"6R = j__ ( 2 ) <Acu ) Po A

A
2
_ L2 sc 2.,
Jge E:: pcu(bd Yee o . (5-1)

The power 6Pc removed from the same
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 o, the
fraction of the conductor surface
that interfaces with the coolant

passage:

6P Q@ [(Zd + 2T) 62]

qu2d (1 + b)SL .

(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 reasonahble levels (d 2 L 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 GPC,
Eq. (5-2), the following relationship

is obtained:

2
ESC - —g 4 ( 1+ b) .
.2 d
fCu pCUJSC g (5—3)

The terms inside the first brackets
on the right-hand side of Egq. (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 (&, d, b) and deter-
mined the appropriate set of material

properties (g, 2 ), the fractional

cu’ jsc
area of the superconductor fsc and
the fractional area of the copper
stabilizer fcu 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 fcu in terms of
the fractional areas of the helium
coolant fhe and insulation fin:

f u = 1- (fin + fhe) - fs . (5-4)

ci c
If we assume that the fractional
areas required by the helium coolant

and the Insulation are fixed for a



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)].
material properties at a particular

Thus, for a set of

temperature and field strength and

a particular conductor design, the

maximum allowable fractional area

of the superconductor Fsc is locally

set by the cryostatic stability cri-

terion.
When Eg.

combined and the quadratic rule in-

(5-3) and (5-4) are

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 o= 9 | je@+b)
sc .2 bd
p(:LIJSC

.2

x|-1+0 +2 pqusc bd
q a(l + b)

1/2
A=t~ e . (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 n:ximum allowable
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superconductor fractional area F
sc
as set by the cryostatic criterion

Eq. (5-5):

i= jscFSc : (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 ESc is
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 raalistic
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 (Tt = 0,987 m) is divided

into four layers of equal thickness.



[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 §
through the winding from the inner
radial surface, with the region oc-
cupied by the inner support structure
(Fig. 5-1) being neglected:

|B| = ]Bmcl [1 - B/Tt], (5-7)

where

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 magnecic field inside the
winding 1s correct only for a
solenold of infinite axial length and

uniform current density, it provides
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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 inmer radial surface
of the conductor layer where “he
magnetic field strength is highest.
Since the current density within a
conductor layer 1s 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 maximur allowable bulk curreﬁt
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 Fuzion Test Facility (MFTF)
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, o, and fhe describing
the generalized conductor about which
the preceding analysis was formulated
fo; the MFTF conductor geometry

(Fig. 5-6).

In addition to a conductor design,
we must evaluate the material property
values Pou? jSc and q for the appro-
priate temperature (~4 K) over the
relevent range of magnetic field
strengths (0 < |B| < 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:
3 = 0.36 Wen®. Although the
relatively low field strengths asso-
ciated with the MFTF experiment
allowed the utilization of a NbTi
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+ Stabilizing Cu

0.5 mm -y

“Cooling
channels

{nsulation envelope

Fig., 5-6. Design of the MFTF con~
ductor, where the variables de-
fined in the caption to Tig., 5-5
have the following values:

T = 0.36 Wem?,

Coolant passage—conductoE interface
area/unit length = 53 mm”/mm,

d=12 +1.0 4+ 1,0 =14 mm

_12+0.5+0.5m

b o v = 0.93,
53 mmZ/mm
a = 7 = 0.98,
212 + 2) + 212 + 1) mm™ /mm

and

f. = 0.15

in

assumed values,

fhe = 0.005

superconductor, the high field
strengths required in the TMR concept

necessitate the use of Nb_Sn super-~

conductor. In estimatingBthe allow-
able current density in the NbBSn
superconductor, we used a plot of the
critical current density for pure
NbBSn as a function of magnetic field

strength (Fig. 5-7) to provide the
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Fig. 5-7. Critical current density ror pure Nb_Sn superconductor as a function
of magnetic field strength. The shaded area Tepresents critical current
density data from Ref. 5-3 for Nb,Sn multifilimentary conductors with
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density jg.-. The normalization point, from Ref. 5-4, is Jge =1 % 104 Alem
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density for three ductile alloys of Nb and Ti as well as for the Nb3Sn.

102



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 Nb3Sn supercon-—
ductors, the critical field plot for
pure Nb3Sn was normalized to a critical
current density value representative
of actual fabricated Nb3Sn supercon-—
ductor (j__ =1 % 10% Afem® at 12 T.
The substantial reduction in the
critical current density for fabri-
cated Nb

3
to pure Nb3Sn (about an order of

Sn superconductor relative

magnitude) results from several dif-
ferent factors associated with the
diffusion process used to fabricate
the Nb3Sn superconductor., This
deterioration in critical current
density for the Nb3Sn superconductor

is not related to the current density
limitations imposed on the complete
conductor (Nb3Sn conductor and copper-
stabilizing material) by the cryostatic

stability criterion [Eq. (5-5)].

The resulting curve of the critical
current density for a Nb3Sn conductor
that was utilized throughout the
remainder of this analysis is also

In addition, some

more recent experimental data® 3
Nb3
cluded in Fig. 5-7.

given in Fig. 5-7.
for
Sn filamentary conductors are in-
The electrical resistivity of
copper is a function of both the

temperature and magnetic field strength

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
law [Eq. (5-8)], which copper closely

follows over a wide range of condi-

. 5-
tions:

p(|B], T) - p(0,T)
p(0,T)

- (bl

p(0,T)

AR:=
(5-8)

From the definition of the magneto-
reslstance 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 = p(0,273/p€0,T) .  (5-9)

With the magnetoresistance para-
meter evaluated from the appropriate
plot for copper,s_ we calculated
the resistivity of copper [0(]B},

)+ 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-

tions, large quantities of copper
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vonfiguratfon and evaluated the
necensary material propertles, we can
eut Imate the maxbmum allowable hulk

cuarrent density and comparce ft with

the vatue Inftinily assumed fo develop-

Ing tche prelimbuary pluay cod) deslpn,

For thias analyusls, we divide the total
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thilckness af the golenold winding

('l'l = (LU m) buta fowr condnelor
tayers ol equal thlckness l'. (As
proviously dlgcunsed, the current
density in cach conductor layer .ll

is cquated to the amalleast value of
the maximam allowable corrent density
In that layer.) We then et bmate the
max imam bull carrvent dennity for the
enl [re solenold by averaglong the
current densbites bnocach ol the tour

cqual=thicknens layers ol conducton:

4 [
A : t., - I | (- 10}
M'E: [ hE:'I'
i-i I=1

The max bmun maphet fe Ffoefd strenpth
v luern 'H(v l)' amd the current dens-
ftlew Lor cach layer o) condartor .l‘
are piven In Table 52 along, with the
mist b ) lowab e bulk carvent depn -
ity calcalated with Eg.o %100 To
cheele the val bdlty ob the annomed
Pincar varilat lon ol magnetic tield
stvenpgth acronn the winding, we uned
Lhe computer vode EFFL (o catenlate
the actual variat bon ol the mgnet e
field utrength for the current dens-

Ly values glven in Table 5-1 and the
winding ﬁt-unu-lry shown in Fig. 91,
In Flp. 59, the (leld variatfon
acrons The golenold windng ohtained
with EFFI Fa plotied at several
ditferent axtal locat tenn and com-
parced with the asnumed Vinear varia-
tlion.,  The aharp dlacont inubt len In

the calenlated variatlon of the fleld



daevoan the solenold windiog result dendty in the windiog.  From 1 he

from removing the replon occupied by values piven o Table 0 the max fmom
B

the inner coll support stracture balk current density (U 2N A em')

s ol Tri sieen to be vy clove to the valae

(Fig. 91) trom the abucis
,

Flp, 9%9. Since the Hoear approxi tobt el ly chosen (3000 Afew” ) 1o

mat Lon docan't model the tadial tield develop the plup coil desipn shown

vant bt Tom acrons the support stiactare, dn Fige S 1o Thus, the value duad

its removal from Flgo 9 tacltbitates tialiy puessed for the balle avevape
the comparison ab the actual and curtent density s seen Lo have heen
aunumed tield varfal fon, aoreasmpib e chiedeo, and the coll

Fram Flg. 99, i may be seen that desipn developed ol L appears
the inear approximat fon overest tmaten viable with venpect to this prelimbnay
the Vield strenpth dn the Virat Layes anabynbn ot the cayontatte saability
and part ol the secomd whi e amha criberdon,

cntbmat dag, the diebd strenplhe fn the
vemaining portion ol the second wind SOLENOTD SUPPORT STRICTIRE

fop and thioughout the thivd and

toatth whading layera. Slonce 00 ap Tooent bmal e the mapgndhade o the
pear s Lhat the T approgimat ian waghel e larees Lan Thia st cal
o the whole andevest tmate s the aetaal structmwral analynin, we aned a
Fheld strenpth, a more detadbed analy nbop LE Ted mate ] 1o approximate the
Incorparat lug o belter approxing complex mapgnet e biebd conl bparat fon
fdon ta actwal viriat fon ol the Tield whthlu the nolenold coblne Slnee the
acronn the wind oy wonhd tend to Yin Yang cold oot cannes ouly o nmall
1educe the allowabile il cuanieat pestuchal don i the mapnet Te tie bl
4
Table 5% 2. Current clvnnlly/rrym:lul fe stability (where | - 1/4 L
=M A ew” -1
Max bmwem § fold Fract fonal aren Suprreonductor Current denaity in
Contduetor ntrenpth ol miperconductior, curresd tlg;unllv, comductar layer
layer {r) ¥ I A em) d (A em)
Do . U se . .
| 19.00 0.h6/7 2900 1640
2 14.2% 0,346 7O 220G
3 9.0 0.220 1, 000 $ 190

A h.29 (.13

33, 000 AhNHN
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20 " l ' | T I r—
L (a) {b) (c) (d)

16 __\ =262.5¢cm ]
/- ¢ = 137.6cm

2=137.5cm

-
12}— 7 - 262.5¢cm -1

'_.
i L
2]
8
4
AN
0 ') l i l 1 ‘ , 1 J
20 40 60 80 100
Radial distance through winding from inner radial surface - cm
1 . 1 ! \ | . J
287.5 300 320{420 440 460 480

Radial distance from z-axis — ¢m
322.21416.9
(e)

Fig. 5-9, Variation in the magnetic field across the winding of the solenold
coils in the plug coil system, where (a) is the flrsc layer of conductors,
Jp = 1640 A/cmz; (b) is *he second layer, .1, = 2420 A/cmz; (¢} is the third
layer, Jg = 3390 Alem?; and (d) Ls che fourth layer J, = 4450 Aem?,  The
solid lines are for calculated B[ with variable .. at three diflerent axial
locations. The dashed line Is the llnear approximation from Eq. 5-7. Line (e)
marks the discontinuity resulting from the omission of the region occupled
by the structure,
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generated by the solenoid colls, the
magnetic fivld may be reasonably
approximated as axisymmetric (no
tangential component, Fig. 5-1)
about the z-axis. In addition, to

further simplity this analysis and

to be consistent with the approxima-
tions utillzed in other chaptoers of
this report, we have also neglected
the radial component ol the mapnetic
ficld. Thus, lor this preliminary

atitlysis we assume that the mapnotic

tlux density vector is always directed

along the z-courdinate direet ion

(B = | 1/(\]. To be conststent with
the cryostatic stabibity ceriterion

developed carlier in this chaprer,

we assame that the magnitude ol the
flux density vector varies linearly
from o maximum value al the inner

surlace of the soalenoid winding to
a null value at the outer surface ol

the winding:
(8] =8, = (I8 ) Q-p/e),
where

B the distance through the

winding from the inner

surface, neglecting the

tnner coli-support structure,
and
Lt tne total winding thlckness,

neglecting the inner coll-

support structure,

(5-11)
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CSinee the tlux density vector

Since the Hield contipuration

(5-11))

assumed Tor Lhis molysis |Eq.

is only correct lor a solenoid of

infinite axial length and constant

current density, it provides onlty a

tirst~arder approximation to the

comples peometry of the actual ficld

conlipgaration within the solenoid,

tach dilterential volume ot the

salenoid winding experiences a hody
loree piven by the vector cross

product ol the loeal current and

magnel v flax densiity veclorss

AF/dy = ] o . (5-12)

is

assumed to have only a z=direction

component, and the current density

vector is always divected along the

tangent fal coordinate direction, the

body torce is atways radiably dirvected.

Thus, by neplecting the radial ield

densiity compopent we have eliminated

the axial component ol the mapnet ic

hody taree. The small relative shze

ot the axlal component ot the magnegic

body torce allows it to be neglected
in this prellainary analysis,

The radially dircected, mapnetic
body feree is transmitted through che
valume of cach winding layer to the
interface of the windlng layer and
fts assoclated supporting structure,
For a plven current and (lux-densipy
distribut ion, the compressive stress

UCC on the interface between the
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winding layer and the support struc-—
ture 1s determlned by the sum of all
the contributions made by cach dif-
ferentfal conductor layer across the
entlire thickness of the winding layer
t. Thus, for a given maximum allow-

able compressive stress limic

3

¥ =
“ee J/.
[}

the thickness of a particalar windlang

- -
3] ~ |8} dx,

layer is determined by the averape

value ot the product of the carrent
and the magnetic lux densitles across
the winding layer,

With the current density values
R

5-1 and the winding

5-1,

given in Table
layer thickness shown in fig,
the maximum campressive stress of the
conductor s about 15 ksl for the
high-fietd design (llsol =18 T). Al-
though this peak stress level ls
probably slightly above the yleld
point of fully annealed, high-puritcy
copper (-10 to 1) ksi, Fig. 5-10),

a very modest amount of straln hard-
ening will raise the yleld polnt
above 15 ksi (Fig. 5-10). Since (as
will be dlscussed shortly) the con-
ductor must be strain hardened by
drawing in order for 1t to withstand
the tensile loading along ita axis,
the compressive yield utress trans-
verse to the conductor may well exceed
the fully annealed value. If cam-

pressive stress levels of 15 ksi are
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6 Hard ]
o~
£
- ~-3/4 Hard |
=4
© <7/2 Hard |
| i
= nnealed at
o 1/8 Hard 500"C for 2 ) .
N I P B
2 4 6 8
Strain - 102 in./in.
Fig. 5-10.  Stress/straln properiies

of OFRC copper at 4 K, =1 yhere

By g = 17,2 4 100 160/ in,
determined Lo be too high, they may
be reduced with little deaipgn penalty
by dividing Lhe solenoids into a
Targer number of propurt fonally
thinner conductors and :»iructure
layers,

In addicion to the transverse
rumprésslve stress exertued on the
conductor, the dellection of its
supporting structure under rthe mag-
netic loads will load the conductor
in tension, Unltke the transverse
compresslve stress previously con-
sidered, It 1s not clear that this
axlal tenslle stress can be substan-
tially reduced by separating the
solenoid windings Into more layers.
Since the cylindrical structure sup-
porting the second conductor layer
can he made very thiclk, and since the
magnetic forces are smaller in the
second conductor layer, the maximum

teusile stress experienced by the



conductor will occur in the tirst

layer or conductors,

To estimate the maximom tenstle
stress level tn the first conductor
layer, we developed two simplilied
calcolational models of the first
conductor layer and its support
structure. 1o the rirst model, we
neglected Lthe strength ot
and dapplled the entire radial magnet {o
lorce exerted on the 1lrsye conductor
surtace of the

e

layer to the inner

support ing structure, e vealea-

lated the conductor stress level o

trom the dellection ol the support

structure by cquating the conductor
houp strain « with the support strue-
L

ture hoop strain

(173)

To turther simplily this analysis

we use leubrane theory Lo caleulate
the support=-structure hoop straln lor
a cylindrical pressure vessel. 7Thus,
besides negiect ing the strength of
the winding layer, this simple caleu~

lation also neglects the finite Lhick-

ness of the support structure jtsell:
pr
] ! 5 B
= = - Lo 5-14
s (I‘j L 2 ¢ )
5
where

mean rvadlus of structure,

pressure on lnner surface

of structure = Ocr' and

the conductor

radlal thivknens ol slrues

ture.

Althouph this model overest tmates

the conductar tenstle stress level

by neplecting the strenpth of the

conductor ftselt, it preatly sfmpli-

fies the structural caleulations by

replacing the actual, statically in-

determinate coll structure with a

shuplificd, statically determlnate

caleulational model.  From kq. (5-14),

we ablain a houp strain o)l less than

0,27 tor the high-1leld case
(IH()| = 18 1) with the carrent den—

sities glven in Table 51,

In the sceond strovtaral wodel,

we develop o somewhat more advanced

andalytical appraoximation by modeling

the Hirst winding layetr and its sup-

port lng stracture as concent ric

cylindrical tubes ot lincarly clast ic

material,  The uner tube represent ing

the tirse winding layev Is loaded on

ity laner radius with o pressuare

equal to the maximim coupressive

conduetor stress o [Eq. (5-11)],

[
while its vuter radius is Joaded with
the contacl pressure p bhetween the

vonductor Jayer and its supporiing

stiucture.  The Joad o on Hhe joner
(MY

vadius ol the cylindrical toube sinu-
Lating the conductor layer models
the magnetlc body forcee distributed
throughout the conductor volume,
Since the structural streugth of the

conductor has not been neglected In
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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 of
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 be 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 the coil

surface

]

winding layer with the inner

of the supporting structure:

e EE T

C),
(5-15)
where

outside radius of winding ! :.yer

¢ 7 inside radius of winding layer
R outside radius of structure
s inside radius of structure °*
Gg . shear modulus of structure,
Cg shear modulus of winding layer,
and
we Lo 1.
Nv (Poisson'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)o
* ’ *
_ s’ ¢’ s’ e cc]
e =
E
s
2 L
1+R5+
s m

(&2-1)

. (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 0.14Z.
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As anticipated, the sccond 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 anncaled copper ( 1l to
12 ksi), either the copper stabilizer
material must be work hardencd 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 cvarlier
would decrease. However, since the
increase in resistance due to the
magnetic field at high field strengths
is much greater (4R ~ 10 at |B| = 18 T,
Fig. 5-8) than the work-hardening

effect, the redu:tion of the maximum

[+2]

Annealed at -
500°C for 2 h

N

Resistivity ~ 1089 cm
IS

Strain — 1072 in.fin.

Fig. 5-11.

Resistivity/strain groper—
ties of OFHC copper at &4 K.°7

5
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allowable current density by work
hardening will be more noticeable in
the low-ficld regions of the solenoid
winding.

Thus, when the work-hard -ning
resistance increasc is added to the
magneto-resistance cffect previously
considered, the current density in
the high flux density regions of the
solenoid winding is not pgreatly
affected. llowever, 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, & reduc-
tion in the solenoid current demsity
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 Nb3Sn superconductor
material also imposes limitations on
the conductor hoop strain., It was
experimentally determined that multi-
Sn could

3
withstand tensile strains of approxi-

filamentary conductors of Nb

mately 0.67% 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 materfal. Thus,
it appears that prestressing the
support structure to reduce conductor

strain is not nccessary.
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 the maximum allowable value oi the
local current density. JFor 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 (|By| = 18 T, Fig. 5-1j, 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 fractior of the winding cross
section occupled by the internal
structure (average structural fraction
F) determined from the analysis con-
tained here and with the average

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

3= 3T . (5-17)

After determining the thermal
design Implications (coolant passage
length and arca 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 initlally 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 fleld at the field strength of
the mirror point. This assumption
neglects the perturbations in the
magnetic fileld 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 prescnted in Fig., 5-12. fThe sketch
was developed by applying the Lorentz
force law to the Yin-Yang coil winding
immersed in the assumed uniform axial
ficld.

To estimate the average structural
fraction for the Yin-Yang coil wind-
ing, we used the Internal structure
confliguration for the winding cross
scction of the major arc where the
magnetic forces are strongeste (xz -
plane, Fig. 5-12) to slze the internal

structure over the entire length of

Fig. 5~12. Magnetic force sys!
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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 way be possible to reduce
the size of the internal structure
where the magnetic forces are smaller,
this estimation process ls prohably
conservatlve., However, a more
sophlsticated analysis of the average
structural fractlon would require a
more detalled design of the internal
structure involving conslderation of
the important and difficult problems

assoclated with fabricating and

Major arc
Minor arc

i in the TMR Yin-Yang coil.



assembling an actual winding. Such

a design effort is beyond the scope

of this preliminary design study.
Another serious design problem

neglected in this analysis is caused

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 ares. I the columns
of the internal structure are oricnted
in the dircction of the magnetic lorce
along the major arce (x~direction,

Fig. 5-1), the magnetic arce will be
transversely oriented tu the columns
of the internal structure along the
minor radius. Thus, cither the orien-
tation of the internal structure
columns relative to the winding 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 poscs
a formidable structural challenge,

the very small magnitude of the map-
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

conductors are divided into a scries
of layers (Fig., 5-1, detall ) whose
thickness is chosen to limit the
compresslve stress in the conductors,
The magnetic forces distributed over
cach layer arce transferred by the
Internal stricture to an external

structure, The internal structure
In a layer of conductors consists of
a serfes of compressively loaded
columns that transfer the total mag-
netle foree distributed over all the
proceeding conductor layers through
the conductor layer under considera-~
tion. Since the columns do not con-~
toct the conductors in the layers they
pass through, the conductors in each
layer are subjected only to the mag~
netic forces dlstributed throughout
thelr own volume., A flat plate is
used between each layer of conductors
to transmit to the columns the total
magnet ic foree distributed over the
preceding Layer of conductors.

After passing throupgh the last
layer of conductors, the columns
transmit the load lrom the preceding
conductor layers to the external
structurce supporting the Yin-Yang
coil winding., Since the columns are
carrying the cumulative total of all

the magnetic forces distributed over

magnetic forces. all the preceding layers of conductors,

We determined the average structural they must become larger and larger
as they approach the external structure
(Fig. 5-1).

increasing amount of current-carrying

fraction for the Yin-Yang winding
cross section in the xz-plane. In Thus, because of the

this structural design, the winding
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conductor displaced from cach addl-
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-
dit lonal conductor layers, the internal
structure eventually displaces the
conductors, Lhus seiting an
absolute limlt to the current-carrylng
capacity ol a conductor of fixed width.
The thickness of ecach conductor
layer U is determined by the requive-
ment that the cowpressive stress on
the outer surlace of the conductor
layer be cqual to the maximum allowable
dosign stress of the conductor 0.
Since the anncaled, bhlgh-purity alumi-
num used in the cryogenic—alumlnum
= 2 to

conductor is very weak (pr

3 ksi), we treat it as an incompres-—
gible fluid that transfers the magnetic
body forces to the internal structural
system and the external ease surroumnd-
ing the coil winding. Thus, the max i-
mum allowable conductor design stress
is determined by the strength of the
coolant passage ducts focated inside
cach conductor rather than by the
high-purity conductor material itsell,
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 conducter

of square cross section (as shown
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Jater in Fig. 5=1%). It we neglect

buckling and assume a ratlo between
coolant-passage wall thickness and
the coolant-passage radius ol about
0.15, the maximam allowable conductor
stress value is about l.l()8 N/mz

(15 ksi).
magnetic field strength B = IBmp'
and with the Yocal current density

With the assumed constant

at the
thick~

in the conductor constiant

max Imum allowable value j, the

ness of cach layer of conductors is
constant auwd wiy he determined by the

fullowing relationship:

L= UC/(j“) . (5-18)

The Traction of cach conductor
layer occupied by the internal struc-
ture (local structural fractlon fsl)
may be determined in terms of Lhu‘
local structural fraction of Lhe pre-
cuedlng layers by the following
relationships

i-1

- L)—Z (si N

i=1

[‘H_l = (”(‘/U}'.) (i

(5-19)

fquation (5-19) was derived by re-

quiring that the internal structure
in a conductor layer support the
magnetle forces distributed over all

the preceding layers without exceeding
0 the maximum design stress ol the
structural materlal. Since the

structural fractlon of the first layer



of conductors In always known (fl. = 1)),
“

I
kg, (5-19) may be applled successlively
beginnlng with the flrst conductor
layer Lo determine the structural
fractlons of cach layer of conductors,
The average structural fractlon T oof
a piven windlng deslan, which will
consist of an Inteper

not In general

number of cqual-thickness winding,
layers [, Bg. (5-18)]), I glven by
the followlng relatlonuhitp tor o
T:

whnding of total thicknens

Sk

i

- (h-20)
" - nk )
- f(n n*) (1l ‘:m"l-l) R
I numbey of winding layers o,
nk Larpest Integer lenn thaos o,
and
ul srructural lraction ol
vonductor layer I,
The second term on the right-hand

slhde of Eq. (9%20) represents Lhe
contribation to the average utructural
fraction from the lLast conductor layer,
as thick as

which {n general is not

the preceding layers.  When the
simultancousn system of equatfonys
formed by lqs. (5-18) and (5-20) Is

fteratlively solved with the appropriate

material property valucs U O and

1o

the {leld=strength B ovalue, we can

determine the local conductor current

denslty value | orequlred Lo attaln
Lhe averape carrent densily ) oused
In the magnet fe desipn,

Table 9~3 sty the required local
current denslty values for all three
desfpn casen along with the local
averape current density and structaral
layer as

(5-20).

conductor

(5-18) and

fraction In cach
calealated from kgs.,
Bedore consfdering the viabllity ot
the reqqudred local current density
values glven In Table 573, we shall

contdder the destpn ot Lhe Internal
atracture tor the blgh-ileld cane In
nomewhat preater detadl,

In evaluating the averagpe carrent
dentilty, we have tacitly ansumed that
the fhat plates which transter the
magnetie lorce on cach conductor layer
to the columns passing throupgh the
tollowing conductor layer arce nuffl-
clently thin that they have no slpgnif-~
leant el leet on the average current
denslty,  To jovestipate the valfdity
ol thin agsumptlon, we entlimate the

requlred thickneas ol the plates t
l)

from the lollowing analyusls,

Since the plates are loaded In
bendIng by the magnetic forces exerted
on the conductor layer between adjacent
colums, thelr thickness is determined
for o gliven maximum deslgn stress ”“I’
by the spacing between adjacent
colums (o, Fig. 5-13). o est fmate

Lhe relatfonship between the plate



Table =3, Averape current nlvn::ll‘(,'
= 00 cm, 9 A

N/m? (1t .

Layer

Structutal
Field, ||l“| Lasen, thicknens Tract Lan
{r) i t l(1‘m) I'.‘
! 20 a0
19 s 2h.000 4,
' H.H7 a0
i bH,94 u, 000
s 18,94 0,00
165 ) 14,94 0o
% IR (BT
! RN 0,000
K tian LA ]
1w ) Is. 1 ERTTR
4 L4 [T
k] 1.0 0o

atress level and the plate thickne
we model the plate an o pin- joloted

beam of unit width Toaded by the

conductor design stress o spanning
¢

between ad jacent

i l) b

and Bernoulbi-Eauter beam theory, we

the open space’
cojums Ja(l - From this model
develop the followlng relat Lonship
for the required plate thleknens ol

the "§' plate (Il the plate

aeparating the "JYand ")t

conductor layers):

i/
)

(5-21)
This relatlonshlp neglects the

elfects of the plate geomelry and of

147

ol aluminam Yin=Yoang windting [where t 141
108 N/w’(

N0 kedy, and g 1 - 104

/W }

1 , ,
(kA/vm) (kAScm) (A em) il

600

Qb 1,9l IR Sh

1,47

Y R

NRE
W L A i

SHOMD

(RIS

weLon
. /7

BN R 4

IH, 31

the actaal end conditfons that  depend

on the constract lomal details of 1he

Internal struclure desipn. The

center=to-center spacing of 4 he

() s
atabiliey

coloamn:s sl by the clastie

Timltations Imposed on te

compressively toaded colamns, Both

experimental and imalytical studfbes

have cond frmed that the max fmom

nomlnal atress |)‘ “ A that on
1

alamlbium colum can gupport betore

col Lapalong s a lanctfon ot the ratlo

ol the length ol the column ¥ oyo s
‘)

radiug ot pyratlon r (I/I\)l/". In

the Tincor clastic loading range, the
max fmam nominal stress s plven as

a function ol the clastic modulus and
the dimensilonless peometric parameter

Ki/r by Lhe luler relatlonshlp


http://�uiiNlliirlloii.il

\Inlmlml colutnng

1 Layer

-_——

l hternat
ELALIEN

"y | | | | |

=
-

- i - Comdue ton brareedlie
Stractural model u'.ml 1o stz antetnal ' f

phite (it joniited beam)

| aym 1 )
Ty, | {ean)
I 0).000 N A
2 (.21 [N}
K] 0.507 221
1 0.6448 2.0
O 0./H2 3.40

Fip. 43, Tt et paetane ol the THR Yho Sang, whding,  The toner tabile
phven valuen ol e ool 8 Tt the 1age of |I'.“| TE 1, where the odimenalonen

ol The internad stiocture e an bol lows:

aoo~ hh? ey,

o b e,

W s ey, s

fooo= 1,00 (phn Jointed),

(g, -14), tn the nondtoear olamt {e toned b Lona l payams b or Ko dn aleiey
.
)-8
tLoading vanpe, cxperlmental data wined by The cnd condit fonn Tponed
puppent that Lhe mag lmam nominal slyvess on Che columy the mater ol parvamel ern
|

It approgimalely lincarly related to B, Gy by and Eoare doetermined 1 vom

Lhe peomet rle parameter KW/vo The the uandagial slrenn-ntrabn varve,

i


http://litlrrn.il
http://Inlf-rii.il
http://iKiiiMiic.il
http://iniiiiln.il

Yo ¢ .
/ g ~
-l ’
“vn L
Ulertax bl wteens Betek by
strash cutve ) ) Tt
1t o IVI'
- «

Fip, % Tas Criteria Tot fac kb bing Vadlare o) Che Vi Yoo soboa tie, Fon e
e tne convidered lorrey vaboea Lo PO T alamionam ot "0 b e e
tollows '

It A b,

o AL,

[} S MY b,

I (RIS TR Y

1 [ PR T
wlt )) s baly oaml
| R Y

v

The values o the maten bad oy ot e P4 the paeomet o paviamel ey B

At the appropr Tale oo b Temgn ta proesnd fn devms ab the var fables

tove €S0 ) e b dmated From ania s bt adew v i the fnteraal sl v

Lol tveeos strakn g ot ained o tare Ao the "3 coduwetonr Taver , e

Bah 0 and ave plven o Flpe e b4, may sleve lop G Toblowing ve b donship

Ve determined the meibmmm ad bowalibe bor the wlndmam al bewabde cealer Ta

viloe of Vhe peaanet b jurtamel ot conter albatane e hoetween ol facent

FY/e = 8 bvom Flhpo S 1 by vequla oy, coluams (o )

|

fleat the deafpn vt resns deyied

i S . R
(4.4 1O fm” A9 L) b one hia bl (,'n ' ) Ih RN

.'I\ " (‘ . " )

the max b nominal sireng )

H !
(o8 = 100 Wm0 98 ki) a1 he
colamn conld support bebore i1 ool Tl wlo bmoan ) bowab e npae bagg al

Papred.  Thin buck ] ng satety facta

of two In consintent with sirvctaral

paloty favtoars Gl led by the desipn
plronn valuen atibbfzed thioughout  he

Intsanal stinctare,

(R

adjacent colbume e destrablo heaune

1 ominimizen the aequived plare thited

(-1

meerns | g
To apply thin analynbo ta o mdtiple

Layer wimdbog, we anname that the


http://'ili.il
http://Ill.ll.ll.il

columns in each conductor layer are
located on common centers {Fig., 5-1)
whose spacing is set by the minimum
allowable spacing in the second con~
ductor layer [as, 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 dctermine 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 this 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

assoclated Joule dissipation power

12¢

density., For a given current density,
the Joule dissipation is determined
by the electrical resistance of the

Since for a

aluminum conductor pAl'
given level of impurities, the re-
sistance of the aluminum conductor
material Increases very abruptly if
the conductor temperaturec is railsed

above about 20 K (Fig. 5-15), the

10? URELLLY BERAEREELL B RELLL B
F 3
N d
10 3 'E
E ————— -4
- J 4
1 E_ Afuminum alloys —;‘
E§E | = ]
c 1077 =
ES E E
i - 3
oy L B
s P23 KP4 K /
B2 40 s 3
o E—— ——-—”1 Pure aluminum 3
S R (B ]
1073 3 '
N
27,000
1074
105
1 10 102 108
Temperature - K
Fig. 5-15. FElectrical 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) =~ 1.2
x 10~3 pA+cm] used in preparing
Fig. 5-17.



outlet temperature T0 of the helium
coolant must 10t be over about 20 K.
The inlet temperature of the helium
coolant is limited by the rapid de-
gradation of ithe 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 avov. absut 12 to

15 K.

more conventional heat-transfer

Thus, compared to many other

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. TLocally
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 rause
the conductor temperature to
substantially excved 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
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analysis it appears that the conductive
temperature difference can be neglected
and only the film drop AT[ necd be
considered in formulating the local
criterion.

In addition te 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 £ of each coolant pass-
age is not excessive., Since the
global temperature rise is wevarelw
constrained in a cryogenic-aluminum
coil system AT = 5 to 8 K, there is
a severe limitation on the length §,
of the cooi.nt passages between inlet
and vutlet 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 outlct manifnlding
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 '€

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

=



High-strength Al

Alfoy coolant tube

High-purity Al conductor

Fig. 5-16.

- Coolant passage

Current )

D

"/,//”

Cryogenic aluminum conductor the Yin-Yang coil, where

cross-sectional area of the coolant duct .

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 % of the coolant
passage between inlet and exit mani-
folds.

To analytically evaluate the
thermal implications of the local

design criterion, we develop a relation-
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~ total cross-sectional area of the conductor

ship between the current density and
the film dxop,

- [

(5-23)

where the Joule dissipation power in
a differential length of conductor
is equated to the rate of convective

heat transfer to the helium coolant.



Since the conductor .ross section

is assumed constant along each conduc-
tor, the terms enclosed L; 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 Rcynold's

analogy:

—, 0.8
(-EE) = 0.023 (—D—,@l‘—) . (5-24)
where
k Z thermal conductivity of helium
coolant,
Cp Z specific heat of helium
coolant,

u = viscosity of helium coolant, and
DU = mass velocity of helium coolant.

The electrical resistivity of the
aluminum conductor Pa1 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 Tc' Since the
outlet temperature of the coolant is
approximately determined by subtract-
ing the film drop from the maximum

conductor temperature CTO ~ Tc - ATE)’
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the film drop must be kept quite low
(“rfs 1 K) to prevent a significant
reduction of the already small global
temperature rise. A decrease in the
global temperature rise reduces the
length of the coolant passages. The
local therwal design requirement
expressed by Eq. (5-23) is conceptn-
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 frot the

first law of thermodynamics:

2nat :
ar = [—L (l 1)9,. (5-25)
= a ¥t
Pu Cp

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



specified to determine the thermo-
dynamic properties of the helium
coolant. In this first-cut analysis,
we somewhat arhitrarlly 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 (53) 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 power to the Joule dissi-
pation power for an entire coolant
passage. This relationship assumes

an isentropic reversible pumping

process:
p - pu C Ti ( £
N ,2 1- f)
3 pAl
-1
1- (/) v
f— s (5~26)
2
where
Pi Z entrance coolant pressure,
PO Z exit coolant pressure, and
Yy = CP/Cv for helium coolant.
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We determine the ratio of outlet
to inlet coolant pressures, neglecting
compressibility effects, from the
fallowling relationships:
f 2

2 2 =, m

vl - P2 < 2KT(ow) (7;;) (5-27)

£, = 0.00140 + 0.125/8ke%3% ) (5-28)
whete

T - mean coolant temperature,
R Z perfect gas constant,

T I hydraulic radius, aad

Re  Reynold's number = Q%E.

Since the pumping power ratic calcu-
(5-26) through (5-28)

does not include either the nonisen-

lated with Eqs.

tropic behavior of a real pump or the
pressure losses in the coolant passage
manifolding, the calculated pumping
sower ratio must be very small (P s 0.1)
to avold 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/cmz,



Table 5-3), we calculate the global
temperature rise ..T, film temperature
LTf, pumping power fraction P, pressurc
ratio PO/Pi, exit coolant TO’ and
conductor temperatures Tc from the
previously developed relationships

for typical coolant parameters

(Table 5-4). All these calculations

are based on the current density

required for the high-field case

-10
L~ s S S S B N —
8 ]
£ 61~ T=20K ]
g 4 T=4K N
| —/“’ ]
<
Q 2 |
10-11 I N A R S B
8 10 12 14 16 18 20 22
BI-T
Fig. 5-17. Resistivity of high~-purity

aluminum (using magnetoresistance
data from Ref. 5-6, where

R = £0,273)
p(0,4)

= 2100, and

8

p(0,273) = 2.5 x 10~ QoM.

£

(5Bo‘ 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 (i = 13.8 m).
Thls 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 1is 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
Although

we have not considered it in this

complicate the coil design,

preliminary study, the development
of a manifolding system capable of
servicing a large number of often

inaccessible flow passages while

Table 5-4. Coolant passage length in cryogenic-aluminum coil [where
d =0,025m f=0.15, p, = 4.04 x 105 N/mZ (4 atm),
7@ = 220.3 kg/m3, T; = 15 K, T = 3949 a/cm?,
and j = 4700 A/cm2].
£(m) AT(K) T, (K) Py/Py P T (K)
7.5 4.30 19.30 0.945 0.082 20.11
10.0 5.73 20.73 0.926 0.083 21.54
12.5 7.16 22,16 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 clrcumferential length around the
coil — renders the development of a
complete design for a cryogenic-~
aluminum coil a formidable and as yet
unsolved design challenge.

REFERENCES

5-1. F. H. Coensgen, MY Mujor Iro-
Jjeet I'roposal, Lawrence Liver—
more Laboratory, Rept.
LLL-Prop-142 (1976).

G. A. Carlson, Parametric Design
Study of Tandem Mirror Fusion
Reactors, Lawrence Livermore
Laboratory, Rept. UCRL-79092
(1977); see also Chapter 10

of this report.

H. Hillmann, H. Kuckuck,

H. Pfister, G. Rupp, E. Springer,
M. Wilhelm, K. Wohleben, and

5-3.

126

5-4.

5=6.

5-10.

and . Ziegler, "Properties

of Multifilamentary Nb3Sn Con-
ductors,” in Pron, Junereon-
ductisity Tonl,, lbanlowd, T4,
137¢ (in preparation).

C. E. Taylor, Lawrence Livermore
Laboratory, private communica-
tion (1977).

Z. J. J. Stekly, '"State of the
Art of Superconducting Magnets,"
Joo Al Phye. 42, 66 (1971).

F. R, Fickett, "Mapnetoresisit-
ivity of Copper and Aluminum

at Cryogenic Temperatures,"

in Proc. Fourth Intermeational
Conf. Mag. Tech. 197% (p. 540-1).
D. N. Cornish, Lawrence Liver-
more Laboratory, private com~
munication (1977).

Alcoa Structural Hamdboov,
Aluminum Company of America,
Pittsburg PA (1958).

tiandbook on Materials for Super-
conducting Machinery, (1974)

p. 4.2 1-10.

S. J. Wells, Chemical Composi-
tion and Electrical Resistivity
of Aluminum Alloys, Hughes
Aircratt Company, Rept.
AFML-D5161 |



C 1APTER 6. TMR NUCLEONICS

s I
Summary 129-1130
Introduction 129-130
Shielding the Yin-Yang Coils 1131
Central-Cell Blanket and Shielding . . . . . . . . . . . ., 140

References . . . . .

127-128



SUMMARY

We have coraleted preliminary
nucleonles apprafsals of the shicldlng
required for the Yin=Yang magnets in
the TMR plugs and ol the central-cell
blanket composition that would provide
a tritfum-breeding ratio of 1,10, It
was speciiled that shicldlng for the

plug voll must :

e Limit total nuclearly induced
heating In the coll and cold gtructure
, 2
to 107 of the 1R heatling in the un-

irradiated coll,

e Limit local nuclearly induced
heat Ing Lo three times the unlbrradiated

values, and

e Allow a l-year operational tine
between room-temperature anncals ot
the cryopenie aluminum ip the Yin-Yang
magnets,  Calculatlons showed that an
“Oh=-cm-thick, tungaten-hasced shiceld
would mect these requirements,
Requirements for the central-cell
blanket and shielding would be met by
a H4-cm-thick, stalnless-stecel blanket
that contalns liquld 1lthlum., Such a
blanket would have a tritlum-breeding
ratlo of 1.10 and would provide an

energy multlplicatlon of 1,20,
INTRODUCT LON

Tritlum breeding, conversion of
thermonuclear neutrons to heat, radla-

tion damage, actlvation, and component

and blologlical shielding are al)
fmportant nucleonles subjects that must
be consldered In the design of a fusion
reactor.  For this initial appraisal

of the tandem mirror reactor (IMR), the
cffort expended was

limIted nucleonics

concentrated in two areas:
e Shividing requlred for the end-
plug Yin-Yang coilg,

o Contral-cell blanket.

Protecting the Yin=Yanyg plug colls,
which are made of alumfnum and deslgned
to be used a1l cryopenice temperatures,
Is the major shicldlng challenpe in
The erictical

thin TMR deslgn. arei

appeirs tu be at the dnner mirror of
the plug where D plasma extend Ing
the central cell Ha-MeV

f rom penceritoes

netrons at o slpnitfcant race.,

The enhianeed ) oand favorable peometry
of the central cell allow us to con-
template a blanket of modest perform—
ance. The enhanced Q ol mfnates the
need lor energy multiplfeatfon; and
the very low area for ncutron stream-—
ing (fFrom the large length-to-dfameter
ratio of the cylindrical central cell)
coupled with no requirement lor energy
multiplicatlon leads to only a mlnimal
requlrement for neutron maltiplicatlon
fn the blanket.  Gur overall objective
is to keep the blanket as simple and
fnexpensive as posalble.  Shlelding
for the super conduct ing colls of the
central cell is In the 90 c¢cms between

the blanket and the colls. Nlnety cm

of steel- and lead-based shielding
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plus the blanket shonld provide more

than chnough protection tor these coils,

SHIELDING THE YIN=-YANG COILS

The plasma plugs at cither end ol
the TMR are conflined by minlmam-1B

magnetic tields. The fleld of cach

plug is penerated by a pair of
cryopenic—aluminum, Yin-Yany coils
surrounded by two sSupercomducting sole-

nolds,  To limit nuclear heating and

radiat fon damage to acceeptable levels,

hoth sets ol coils must be shiclded

{rom the fusion neutrons penerated in

both the plasma plups and o the

central celt.

The overall geometry ot the plug fs

shown In Fig. 6-1, Figurce 6-2 (=)

shows the Yin-Yang colls, the plasma,
and the space avid Table tor shiclding.,
Note where the magnetic flux bundle
containing the plasma passes between
the YIn=Ying coll,

the laces ol

Shiclding there is a major challenpe

because space fs at o prembum. Also,

ol tiwe shicld requlraed

cofl

the thickne:

between the faces will have an

fmportant effect on the overall size
ot the plug and thus on its cosi.
Filgure 6-2 shows a 90-cm separation
between the faces of the Yin-Yang
coll, a plasma thickness of 50 cem, and
a plasma width of 90 to 100 ¢a. A
S-cm~thick vacuum boundary around the
plasmi provides room for the 1.5 MeV

alpha particles with thefr 1,5-cm

I3l

gvroradius that are penerated on the

outer Tield lines. The remaining

space (30 em) is available for

shiclding., These dimensfons are
approximately consistant with the plag
desipn assumed in the other chapters
of this report and are a starting
|;uinl for the shicld analvsis,
LASH-MeV) and T

Both neut rons

(HA.1-Mev)

bb
neuat rops are produced in
the pluy plasma,  Figure 6-3 shows an

vat tmate of the source distribut lons

/\Snlmmul coils
v \

Yin- Yang coils
0
| IS T S S

— o

Fig. 6-1. CGeometry of the TMR plug.
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{a) Sect. A-A

(b) Sect. B-B
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m

Fig. 6-2, Cross sections through the 'FTMR plug, showing space available for
shielding.
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for these DD and DI neutrvons.  The I 1
zera point on the z-(horizontal) axis Pl Inside (!(‘glr—}
D,,h"_, of coil fan h

fs the plug centery the T40-cm point

Is a point In the center of the Yin-

Do

3
Yang coll located between the plug and v 10! -
- i
the central cell.  The nonsymmetric [ h
L "
distribution of the DV reaction rate 4 :\;loslly (80%)
- - - 2 pilug D, .~
results Trom DT plasma cxtending from £
@ “oe .
the central cell into the plug. Z 1017} e
N D||qu| ]
Beyond z = 140 cmy the DT reaction T
) ¥ plugy 10% - \
rale remaing constant at 1.9 - 10 D “
y g
newt ronsfem s, Plasma arca and )] “
(KN
\
5 O] ¢+ N . UsS ",'
nent ron source strengths versue Z 10” Ll Lol | | I
are listed in Table 6= The rates at 0 20 40 60 80O 100 120 140
which DD and DT neulrons are peneriatoed t Midptane of )
plug plasma (hner mirror
in the nner halt of the plug and
/£ cm
between the faces ol the fnner Yin-
Yang, plug are 1sted in Table -2, Fipge 630 Kstdmat fons o)l b oand e
nent ro X . m B
The DT neut rons prodoced hetween he ) on V“"I}l,( Clon in the fnside
hatt ol the THMR plup, (where ce In-
fnner faces ol the Yln=Yang coils plus dicates central eell),
Tahle 6-1.  Neatron production o bnner hald ol o THR plag.,
Distance  Plamms arva, Al' llnn LIS n““ "l)’l' Wy "y
() (163’ Qo em Yo Uy aeen Ve by an ey o bt ae ey aet
0 7.4 40 7 70 .0 roy 1oy
14 6.9 12 k2d 1] ah [ 4t
Fi G 20 1/ 2h Yot 3./ e
42 6.1 0 12 1/ a.h Al tt il
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Table 6-2. Generation rales of DD oand DT neatrons,

Cenerat lon rate

(neutrons/fs)
ITnner half of plag; Between aces ol inner
x = 0 1o 170 ¢m Yin-Yany, coily 2 = 110 to 170 em

DI neut rons 1.0 - 1“]() 1.14 - ]“”
(4,706 MW of 2,5-MeV neutrons) (0,09 MW)
DT neat rons 4034 I(lm [ l()”
..................... (A MY of 1A-MeV neutrons) (A6 MY
the Tiuited space for shiclding In o Radiation damage to the aluminum
this reglon comblne to form the conductor and other coll components
domfnant shiclding problem Yor the must also be limited; Fast-neatron
MR, damape to the conductor increases iLs
Shiclding Is required Lo Timit clectrlcal resistance,
heating and radlatfon (1ast-neatron) Figure 6-4 shows (19725) data do.
diamage In the vcolls to acceptable the Inervase fn bvvadiat ton=induced
levelds, resfativity AN asoa lunction of neutron
e lleating ol the coils and eold tlacnee {with a very stlghtly degraded
structure must be Limited to keep re- lission spectrom) Lor copper and
quired refrigeration power to aceept- aluminum at 4.9 K. Anncaling at room
able levels, temperature produces B4 recovery in
copper snd complete recovery in
aluminum,  The influence obf cyelic
£ LA LA L anneal Ing on the production ol dimage-
é: 0.20 Al fnduced resistivity is um'ur(.‘lin.(’—I
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o - - tor the aluminom conductor in the Yin-
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Flg. 6-4. Radiation-induced rosist- conducltor s assumed to be the same as
ivity oy Increase for copper and shown in Flg. 6-4, Since conductor
aluminum vs fast neutron flucence
(> 0.1 MeV) .o Iniclal resistlvities
were 7.7 #1000 Srem oand 3.3 % 10 increase In conductor resistance
Weem, respectively, The frradlatlon
temperature was 4,9 K. (From Ref, .
6-1.) Joule (l.ZR) heating,

current must remaln constant, an

manlfests ftsell as an Increasce In
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[ A
QOuter coil zones AARAAAAs Material Composition
I Y Outer coil Al 50% + Fe 50%
TN,  nercait A 100%
Inner coil zones fidstoitiis ; nner cot o
Coil case - Coil case Fe 100%
Shielding Shielding W 80% + H,0
{borated) 20%
Plasma
Fig. 6-5. Model used Eor 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
[0ppapp (E > 0.1 MeV) = 1.96 1012
neutrons/cm *s], the allowable local
radiation-induced resistivity
increases in aluminum of 3 X p

= 0.0162 uf*cm is reached after only
3,780 s (1 h) of operation [t = Ap/
%%/¢1; 0.0162/2.21 x 1071%/1,94
x 107" 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
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thickness must be to allow 1 year of
operation between anneals. The allow-
able local flux (E > 0.1 MeV) is:

- 1_ 1
¢allowab1e bp x Ap x t
fi]

.
2,21 x 1071?

0.0162 (pQecm) X

uQ *cm 1

7

neutrons/cmz 3.15 ¥ 10's

. 9
2.55 % 10 neutrOns/s-cm2

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. 6-7. 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
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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 Yin~Yang coil from DT

neutrons is



\

b
t =15 cm + log 7—53515 L, 1 1
s Yallowed v loca
13
= 15 + log L'—S—S——”—io—g—-- 12.5
2,33 = 10
= 63.7 cm.

Our assumption that DT fusion in
the inner mirror dominates the
shielding requirement for the plug
coll 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
(1f

the latter were used in the inner

shielding can be accommcdated.

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 coills 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 Shield attenuation length (cm/decade)
energy For energy deposition For neutron flux (E > 0.1 MeV)
(MeV) Local Total Local Total
14.1 12.7 12.2 12.5 12.2
2.45 9.42 9.21 8.84 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
stafhless—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 thcse calculations, we

used 316 stainless steel (SS-316)
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having a density of 7.97 g/cm3
composed of 68.5wt” Fe + 12wt? Ni
+ 17wtZ 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 trwleoffs in blanket
mrchanical,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
tricium-breeding requirement. This
design bas a 0.5-cm-thick wall, a
lithium volume fraction of 0.691, and
a $5-316 volume fraction of 0.179.
From Fig. 6-8, the thickness requirad
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
blankef coolant plena and the super-
conducting coils of the central cell.
Based on an early shielding Study,6_4
the blanket plus 90 cm of iron- and
lead~based shielding should provide
sufficient protection for the central-

cell coils.
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Fig. 6-8, Tritium breeding ratio T/m in a lithium and stainless-steel blanket
vs the ratio of the volume fraction of stainless steel to that of lithium
VFgg/VFp ;. Blanket geometry: cylindrical; inner radius = 156cm; Length = 119 cm,
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SUMMARY

We present a conceptual design of
a high-current, 1.2-MeV D0 injector
with an anticipated operating effi-
ciency of 73%. Major advances in beam
technology are needed to meet these
requirements, including a coniinuous
source of negative ions, an efficient
electron-stripping cell, and the
development of associated power con-
All

components in our proposed beam line

ditioning and control equipment.

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' "1

beam injectors, each capable of de-

requires four neutral-

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
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suited to it, analyze each component
in detail, aand 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, thls process is so ineffective
at higher energies that efficiency
enhancement technigues become attract-
ive. For good performance, we must
have either continuous recirculation
of unneutralized lons through the
neutralizer cell7—2 or energy recovery
from the remaining unneutralized
ions.’”

At 1.2 MeV, less than 0.04% of an
atomic deuterilum ion beam is neutra-
lized in a gas or vapor ce11, 74 Be~
cause enhancement techniques are not
much help, we must turn to other,
more effective sources of neutrals,
Beams of molecular ilons could be

considered for this purpose.



About 10% of a beam of 2.4-MeV of

D; ions can be neutralized in a gas

cell to split into two 1l.2-MeV atomic
Similarly, 23% of a
3.6-MeV bean of Dy

ized to dissociate into three 1.2-MeV

components.
ions can be neutral-

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.7_
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
A well

designed plasma cell of proper thick-

beam energy above 100 keV,

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 mach:’me.7—6 The tung-
sten temperature must be high enough
to support electron emission for space-
charge neutralization of the cesium
ions.

Although negative ivuns are easy to
strip, their large stripping cross
sectlon 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 geometry7_7

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 columm.

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 nega-
t:ive7-8 ions and acts as a gas curtain
to block the flow of low-temperature
neutral gas streaming out of the pos-
itive-ion sources.’ > As a result,
the gas flowing out of the positive-
ion source can he pumped independently
from that in the negative~ion accel
region.

In this study, we use a Lawrence
Berkeley Laboratory/Lawrence Livermore
Laboratory ion sSource with hollow-
tungsten, barium jmpregnated 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 lowcr ends of the pump duct.

Maintaining reliable high-voltage
vacuum insulation is a critical prob-
i2m in the design of an MeV injector.
Lxperience 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,
electrcstatic 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 rrspect 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 SF6 vessels that are
shielded from the neutrcn and gamma

fluxes emitted by the reactor. These



vessels hold electrical power supplies,
isolation 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 NEGAT1VE 10NS

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 iomns. (at a current
density of 0.5 A-cm—z) through a
sequence of four 40Z transparent grids

that are 8 cm wide and 5 m long.
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Average current density in the ex-

tracted beam is 0.2 A*cm .

2

A version of the LBL/LLL source

(described elsewhere7—5) can be modi-

fled to use indirectly heated, hollow

cathodcs made of two tungsten,

barium-impregnated emicters 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.

Fig.
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7-1. Details of a 800-A ion

source where nj = 40%, ny = 50%, nj

10%; Ppep = 0.15 M0 (5 V), and P__
1.54 MW (45 V).
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Thus, the total arc power is 1,33 MY
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

Duct for

103 Torr pump
A

, = 15%
¥ 2
= 107 D3, we can assume

. +
composition ol "1 7552 D, o~

D:;:, and '3
that the beam composition, in the
absence ol hot-tungsten filaments,
will be n, = 40% D', 1, = 507 D
= 10% D;, with a gas efficiency ':’G

-+-
307%, the extracted iom current (D)

, and

fiq
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1
l)(; i + Ty
-1
= 302 Torreles .

This gas is removed by two large
mercury ejector pumps located at the
upper and lower ends of the pump duct.
The throat pressure of the pump is
assumed to be ].0-~3 Torr; the pressure
in the vicinity of grid 4 is maintained
at 2 x 107
gas at 500 K, the pump duct radius

Torr. To accommodate the

must be at least

Q 1/2
R = [ﬁﬁ—‘;] ®

Grid 1 floats (see Fig. 7-3), draw-

1/4
= 30 cm.

ing a net zero current of ions and

electrons from the plasma; grid 2, at
-11.75 kV with respect to the source,
extracts 0.5 A'cm_z of positive ions
from the plasma., These ions are sub-

sequently decelerated to -1.75 keV at

lon Double Accel Stripping Electrostatic
source charge column cell shields
exchange
Gridno.—=1 234 56 7 8 9 10 11 12 12 11" 100 9
[N I J * @ *® *® ® L ] L L] L ¢ L] ®
Df— )} D~ — Do
L I 7 LN J [ ] * L] L] L] * [ [ [ ] L]
Component profile
~ 800 600
T 400 B 400
= i 200
c
g 0 (600 - 1.75)
S _ -(600 - 0.5) -200
E 400 _400
D
m - ~{600 + 0.5)
800 ~(600 + 10) o
Potential profile
= 100 .
5 1072
, 102 /// /-1.14x 104 (av.)
2 [
3 10-4 /‘,7 e o - o o oy
g 2x 1073
& 406 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

1/2
= 4 eV
Snax = 7k (ﬂ KT ) s -1

where JK is the emitted current dens-

ity, V is the beam energy in the region

of the focus, KT is the ion energy,

and « is the half angle that encompass-

es all ion trajectories passing through

the focus. If 20%Z 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

0.04 A'cm_z. The potential at grid 6

is 2.25 keV relative to the ion source;

the angle u 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
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+ +
the dissociation of the D, and D3

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 regative ions

in the plane of grid 6 must be about

0.056 A-cm_z, 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

Flo = M 99 %»

is the density of the back-

where nb

ground gas, is the average cross

%10
section of neutralization, and X is
the path length. If one assumes an
equal pressure drop across each grid,
then a source pressure of 10_2 Térr
and a pressure beyond grid 4 of

2 % 10-3 Torr will result in a pres-
sure of 8 x 10--3

With the gas at 1000 K,

Torr in the grid
1-2 region.
the background density between grids

1-2 will be 8 x 103 cn™3.

Ions can
be extracted from the plasma at
0.5 Atcm% with a bias of -11.75 kV

if the grid 1-2 spacing is 0.28 cm



(according to Child's Law). The The above values are recorded in

neutralization cross section cor- the second and third lines of Table 7-1,
responding to the mean ion energy along with an estimatel) background
across the gap 1s estimated to be lonization rate that is equivalent to

6 x 10_16 cmlez, so that FlO equals 0.1% of the positive-ion beam. Only
1.5%. Conditions between grids 2-3 776 A of the 800 A of ions emitted

are similar; hence, another 1,5% of from the source enter the double

the beam is lost there. charge-exchange cell.

Table 7-1. Distribution of currents along the beam line.

Beam current 2 Background currencb
beam T T T o Buackground
Region along neutralization D ] b lonization lon Electron
Line beam line %) (A) (A) (A) %) (A) (A)
1 Ion source - 799.7 - - ~ - -
Extractor:
between grids
2 1-2 1.5 7872.7 (12.0} 0.1 0.8 -0.9
3 2-3 1.5 775.9 (11.8) 0.1 9.8 -0.8
Double charge-
4 exchange cell 80.0 - 165.2 (620.7) 10.0 -15.5 1.5
Between grids
5 3-6 - - - - 0.2 -0.3 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) 0.24 -0.4 0.4
8 8-9 0.3 - 152.0  (0.4) 0.16 -0.2 0.2
9 9-10 0.2 - 151.7 0.3) 0.11 -0.2 0.2
10 10-11 0.2 - 151.4 0.3) 0.09 -0.1 0.1
11 11-12 0.1 - 151.2 (D.2) 0.07 -0.1 0.1
12  Stripping cell:
between
grids 12-12' a1.5 (27.2) (0.8) 123.2 0.2 0,2 -0,2
13 Drift region
through electro-
static shield
and beyond) 0.6 ( 0.7) - 222.8 0.6 0.7 0.7

%The main beam current is italicized; numbers in parenthgses represent beam loss.

bThe positive current flow is in the direction of the beam.

152



The combined reaction of cesium and
background gas between grids 3-6
constitutes the double charge-exchange
cell.

beam is converted to negatives and the

Thus, 20% of the positive ion
remaining 807 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 corrcsponding drain of
positive ions (equal to 0.2% of the
beam current) to grid 6.
155 A of D~ and 621 A of neutrals

Consequently,

enter the accel region at ~2 keV.

THE HIGH~VOLTAGE ACCEL COLUMN

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
XZ

J=gq

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

If this

potential is to be effective, the

beam at suitable voltages.

spacing between adjacent grids (AX)

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

(@)= wn () v

The greatest stress occurs between

(7-2)

grids at the highest potential, If we
specify a mazimum tolerable stress

(EM) 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

~ 2 -1/2
Yy = OO E VT s

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
(7-3) to a

deuterium negative-ion beam with no

beam. If we apply Eq.

molecular components, we have

a= @ e, () H

= 3.88 x 2078 47372,
Thus, if EM 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 Ascm™2.

If we rewrite Child's Law, we can
find the appropriate grid location at

any poter :ial from



% = (a3 23
- 8.81 - 1074 v cm, (7-4)
-2
where .J cquals 0.05 Aecm =, We have

used Eq. (7-4) to estimate the location
of grids 6-12, arbitrarlly sctting the
grid potentials at multlples of 200 kV.
fiand we chosen to conduct a more
detailed study, we would have used
computer analysis to verify the grid
potentials, locatlon, and shape,

The positive-ion beam extracted
from the source is driven through the
cesium double charge-exchange cell,
where 207 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

1 +
up = (0.19) (E’“l +n, + % n3) 1

129.2 Torreles L.

The gas flow equivalent to 12Z,5 A of
neutral beam D0 is

0 -1
QN = (0.19)D" = 23.3 Torr-l+s .

The cryopumps must therefore handle
154

the differcnce;

Q.. = (Q, - 0, = 105.9 Torreles™ .

cp

A baffled cryopanel
2

has a pumping
speed of 9 1+ /em’. This will be
reduced in practice to about 2
l's—l/cm2 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 — gne on
each side of the beam line — will
establish a pumping speed of 106
l-s-l, and the average pressure in

the injector will be less than
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

F10=™ f O_gp -

AX

The ionization rate of the background
gas can be similarly evaluated in
terms of a fraction of the incident

beam; i.e.,

Fi=nbf OidX.

AX
The stripping cross section for
negative ions (0_10) and the ioniza-

tion cross section (Oi) are both known



ro be functions of the energy of the
incident lon beam (sce Fig. 7-4); the
variation of the beam potential along
the beam path has been previously
e¢valuated. This enables 's to deter-
mine that the cross secctions are a
function of the beam path (sce

Fig. 7-5).

arca under each section of curves,

We have calculated the

corresponding to particular grid gaps.
The fractions F-IU
from an assumed background pas density

,
of n=2.3 - 101“ cm 3

and Fi are computed

. These valucs
are tabulated as the beam neutrali-
zation and the background ionization
in lines 6 through 11 of Table 7-1.
From these values, we determine that
only 151 A of D~ enters the stripping
cell.

L I D I R
& 10.8 at 0.02 MeV
NE 10 ”-10 ]
(5]
©
e
|
c
2
g
2
(4
[}

0 0.4 0.8 1.2
Beam energy — MeV

Fig. 7-4. lIonization and charge-

exchange cross sections as a func-
tion of beam energy.
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THE STRIPPING CLLL AND BEYORD

The fractions of the incident
negative-ion beam that remain negative,
become neutral, or become positive can
be represented by the same cquations
for both a vapor cell and a plasma

cell;

) ‘-10
R i)
-10 ~ "ol

fawe,

[cxp(—?OI") ,

- pr(—:jnlat:):] R

(7-5)
- = exp (=3_10")» (7-6)
F o - F - F -
Flo= (L F 1), 7-7

where g—lO

section of the negative ion, and o

is the stripping cross

01
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Fig. 7-5. Iomization and charge-
exchange cross sections along the
beam path.



is the corresponding ionization cross
section of the neutral. At high energy,
we neglect the cross sections 9110
0_1,1’ and 00_1.
The appropriate cross sections for
a 1.2-MeV negative ion beam are listed

below for Loth vapor and plasma.

Cross section

(10-16 cmZ/atom) Vapor Plasma
510 1.2 14.0
001 0.26 0.66

The solutions to Egqs. (7-5) through
(7-7) are plotted as a function of
7-6 and 7-7.

An optimum stripping of 65% is obtain-

target thickness 1in Figs.

able with a vapor target that is 1.6 x
1016 t:m’_2 thick; an optimum 85% strip-
ping can be obtained with a plasma
target 2 x 102> cm % thick. The high
efficiency of plasma stripping has
been experimentally verified.7_10

The unneutralized portion of the
beam at the optimum vapor- and plasma-
cell thickness is composed of almost
equal densities of positive and nega-
tive ions, This composition introduces
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 81.67%,
18.0% of the beam would change to

positive ions, and the remaining 0.5%
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would remain negative. Thils 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 positivé—ion current density of
less than 6,8 x 10—3 A't:m—2 and a
power density of less than 12,2 kW°cm-2
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
beam dump at an intensity of ~3 kw'crn—.2
(see Fig. 7-8).

17.1 MW could be realized, assuming a

A power savings of

35% efficient thermal recoveiy.
A plasma thickness of roughly 2
" l015

stripping cell to obtain the desired

: 2 . . .
ions/cm” is required in the

efficiency. Thils creates a need for
a cell, 20 to 200 cm long, with a
plasma density of 1014 13 cm_3
The plasma ion density in the strip-
ping cell must be sufficiently high —
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.

surface has a high work function.
Surface ionization for the impingement
of metal vapor on most refractory
metals has been studied, and the theory
for cesium vapor in contact with hot

tungsten is well known.7_11 Numerous
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Target thickness — 1016 (electrons + ions)/cm?

Fig. 7-7.
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Item Cptimum | Preferred
F0 (%) 65.5 60.3
F* (%) 19.8 34.7
F~ (%) 14.7 5.0
Target
thick ness
{1018 cm2) 1.6 2.5

Beam composition in a cesium-vapor stripping target.

experimean7_6 on "Q machines" and the
like have shown that atom, ion, and
electron fluxes are a function of
surface ionization and thermionic
electron emission, not volume effects.

The stripping cell must therefore have

Item Optimum | Preferred
F0 {%) 85.7 81.5
F* (%) 8.4 18.0
F~ {%) 5.9 0.5
Target
thickness
(1018 ¢m2) 0.2 0.38

Beam composition in a cesium-plasma stripping cell.



a cesium ion density equal to the
electron density. This requires an

emitted electron current density of 10
to 100 Ascm ?

sten temperature of 1400 to 3300 K,

and a corresponding tung-

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
O, an 80% ionized plasma implies a
value of O that 1s no greater than
0.1.
these requirements can be met for

13 to 1014 cm-3

Experiments7_6 have shown that
plasma densities of 10
when the temperature of the tungsten
is at 2300 to 2800 K.

For several reasons, stripping
cells should be designed at relatively
low density (1013 cm_3) and greater
length (200 cm):

® Structural and th‘rmal 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

. Cesium
Positive- double charge- ryopump
ion source exchange cell walls
A T R R AL TR T L CER TR St
A High-voltage 1
A accel gaps M
k o ———— e — ~ 1 |
A \ by Cesium plasma_ N
A NN R ~ T “suwippingcel N 1o
A AR L Y o0
A Sy AL == 1
A ,fdpd'd?ﬂ'l — {0~
A S ANEE SR NS
RTINS N
A 71y T Ié00w A AN
R / tt _____02'.(_\./_. —_——— /] 5
A AN "R
A i +200kV j Beam
" I S g dump
\_ LLLLLL <<< <<<<<<<<<<<<<<<<<<<<

Fig. 7-8.
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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.

at the entrance and exit to the strip-

If such fields were introduced

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 10-5 Torr or
less and the gas temperature is 500 X,
the density will be about 2 x 10 cm ™,
The ionization cross section of the
neutral beam at 1.2 MeV will be
~0.32 x 10716

ground ionization cross section will

cmZ/DZ, and the back-
be about the same. The fraction of
the neutral beam lost in a 10-m
drift region will correspond to

= = 0.6% il ~
F01 nUle 0.6%, while the back
ground icmization corresponds to
0.7 C/s.
the last line of Table 7-1.

These values are shown in

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
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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.
dissipation derived from Table 7-2

Table 7-3 shows the power

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

eangy can be used to heat the mercury
ejector pumps and to evaporate the
cesium in the double charge-exchange
cell.

electricity at 35% efficiency, results

The remainder, converted to

in a savings of 15.5 MW, as shown in
Table 7-4.

in Table 7-5, we determine that the

From the net result shown

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 currents.

The odd-numbered lines represent the

beam loss due to charge exchange; the even numbered lines show the
background current caused by ionization.

Grigd Xe. .
Region between & G ¢ ¢ ¢ s N 5
Line grids 1 2 3 - 5 ® ; ? M
1 12.0 0" 2
o
2 1-2 0.8 e 0.8 0
3 1u.8 0
N a5 0" Lde ’
> i-e N
L} 15.5 ¢ W3 e 230D W s
- .0
=7 -
< D.=D dae o
N 3§07
K P - H
5 J.e D T e !
u -9 Ao :
12 2,23 E
13 9-10 D
14 ¢ .l
B 230
B 10-11 - 10
6 MESE R 3 O
NI
17 11-12 . 1
15 2.ip 0le
19 12-12°
20
21 Drife
region
Total (A): © 5.4 16.3 9463 0.7 N 12 e

aSeconda:‘y ecissjon from bozbardment by 620.7 A of neutrals.

in addicion,
beaz to nagative. Grids 4 and 5 are electrically comwn.

b.
123.2 A of electrons is removed from the negative-1~n beam to form 123.2 A af neytrals and

positive lons — for a total of 177.6 A of electroms.

310.4 A of electron turrent 1$ Teguited to Sonvert the peositive lon
d Seae A0 s removed o f DAt




Table 7-3.

Hlectrode
vurrent
)

Potent Lal
(kv)

Net
Zera 4008

1 Floats -0.8

2 -11.75"

b=y

HY

0.1
0.3
-0.1

-0.2

0.l
a.2

177.6
0.2

27.2

Bear
dump

Woll Grad u.7

Grid dissipation data taken from Table 7-2.

-
Relatlve to source.

bkclutlve Lo charge-exchange cell,

SRelative to ground.
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Particle Dissipated
cnergy power Line from
(kev) Source ol current (kW) Table 7-2
LN Electrons from grid 1-2 gap 4,8
Negligihle fons Irom source plasma 2
b0 Chorge~exchange from grid 1-2 gap 1
6,.U lona from gap 1-2 gap 2
a0 Charge-exchange fons from gap 2-3 gap 1138.9 3
lons {rom grid 2-3 gap 4
ectrons from grid 2-3 pap 11,8 4
Electrons from charge-exchange cell o
Negligible tuns in clarge-exchange cell 5
Nepligible tuns In charge-exchange cell Negligible [
Hepligible Elvetrons in charge-exchange cell
(1) luns trom charge-e npe cell 6
100 tons trom prid b=7 pap 40,2 H
10 Electrons Lrom wrid -7 gap 8
10y He, Tons Trom prid b=1 gap 280 7
100 Pon. Lons from wrid 78 pap 10
oo Elevtrons trom grid 10
1] Nege donx trom prid 7 140 Y
100 ions trum prid 17
100 Electrons Trom prild 1
o luns trom prid 8O n
100 lons from prid 14
from prid 14
from grid Hi 1i
100 tons from prip 10
100 Glectrons trom prid t0-11 pap in
100 Neg. lons from grid 10-11 pap h 1
100 Pos. Tons (rom greid 11=12 gap I®
140 Pas, fons (rom grid 11=-12 gap 20 20
100 5 from prid 11-12 4 14
jiell Neg. fons from grid 11=12 pap i 17
Neglipglble Neg. fons Trom stripping cell Negligible 1%
Nepligible Neg. fons from fonization in cell 20
1800 Pon, lons from stripping cell 43,96(} M
1200 fons Yrom drif* reglon HAO Al



CONCLUSIONS

We have described a neutral-beam
injector that consists of five com-
ponents, each entailing a significant
development effor.. These components
are

e A continuously operating source
of negative ions. This source uses a
gas—tight, cesium-vapor cell equipped
with a flowing, liquid-metal cooling

system,

e A high-voltage, negative~ion
accel system design with conservative
gLid 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.

e 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

Table 7-4. Energy recovery.

Electrode Dissipated

Electrode area (cm®) power (kW)
Peii { 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 -
1 2,500 20
Beam dump 18,000 48,960

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%
converslon 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, nevertneless,

present is, in fact, based upon suc- be an impressive undertaking.

Anode Cesium cell
Gridno. 1 2 3 4 5 6 7 8 9 10 11 12
Mttt
supply
30KA |1 lﬁl 0 N T (R T B
——— l L lﬂ -1 1{ < T
Arc
supply +500 v -500V -200 kv] | |+200 kv -600 kv
35 kA 20A 1A 1A 0.5 A 180 A
-10kV -400 kV| +400 kV
Bias 25 A 2A 0.1A
supply
1.75 kv
800 A
-600 kv
160 A
L
£

Fig. 7-9. Power supplies needed to sustain the currents in a 1.2-MeV neutral-

beam injector.
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Table 7-5. Power distribution.

Power Voltage Current Power output Efficiency Pawer input
supply (kV) Q) (MW) (&3] (MW)
Filament 52 30° 0.15 90 0.17
Arc 4s® 35° 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: 215.35
Auxiliary equipment:
Mercury ejector pumps (operate from waste heat) 0.00
Roughing pump (negligible) 0.00
Cryopumps (at 0.7 W/i.s ) 0.70
Double charge~exchange cell (operates from waste heat) 0.00
Plasma-stripping cell 1.00
Total power: 217.00
Energy recovery (from Table 7-4): 15.50
Beam power output (122.5 A at 1.2 MeV): 147.00

beam power output
total power — energy recovery

Injector efficiency 373%

aExpressed as volts.

bExpressed as kiloamps.
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SUMMARY

Direct converters to recover
power from the plasma lost from the
ends of the Tandem Mirror Reactor
(TMR) 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%.
serve to control the recycling of

The direct converter would also

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
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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).
simplicity that the alphas thermalize

Here, we assume for

and finally escape to the DC in a
manner similar to the escape of fuel
ions from the central cell, If inm
fact the efflux alphas are comcen-
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
(109cm_3 vs 10%°

density to be equal to the ion

em 3y, For electron

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 kTe = 42 eV,
only a modest potential difference
exists between the mirror and the end
wall.

Even so, there remains a small
gradienr 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
from the 1400 Mwlmz in each mirror
throat to the allowed 1 Mw/m2 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 the energies of the various
charged particles at the entrance to

the DC. The energies there are
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determined by the energies and the
ambipoiar potentials inside the plug
and central-cell regions. Although
the DC actually consists of two wunits
(one at each end), the currents and
powers to the DC are calculated here
for the combined DC system. Quanti-
tics evaluated at the DC will be
indicated by a prime to distinguish
them from the corresponding values
inside the reactor. Otherwise, the
notation used here is the same as
that used in the sectlon on plasma
physics.,

The total charge particle pawer

PJC at the DC is given by the sum

- P s 1 ,... T
> = : : = o N
Ple = LB, + 1B +3 LE ¥ 1B,
(8-1)
where [; = 438.5 A is the ion current

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
AEP 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,



1

LEP (EP - 1.5 Te)(nr)p/(n‘.)ie

743 keV,

because Ep = 878 keV in the plugs and

3
the equipartition time (n')ioz 101-
Te3/2 in these units. The potential
drop from plug to DC is @+ @ = 350

kV. Therefore, l-p = 807 ;eV. ('l'hc
current ]; from the central cell to
the DC can be determined from the
power balance (below) to be l; =
1284 A. The mean energy of these
jons as they clear the potential
barrier in the end plugs has been
shown to be equal to TC there, and
TC = 30 keV.

accelerated by the 350-kV potential

I'hey are then

difference, giving E; = 380 keV.

The electrical current due to
alpha particles, 1: = 288 A, is
obtained directly from the rate of
fusion reactions: I; = ZePF/EF, with
PF = 2572 MW and EF = 17.58 MeV. All
of the alphas are assumed to therma-
lize (fq = 1.0, see Chapt. 3), so
that the mean energy of the alphas at
the DC is E, = 30 + 2 # 350 = 730 keV
by the same reasoning as for E;.
Since the electrons are also electro-
statically confined, their mean
energy at the DC is just E; = Te =
42 keV. The electron current I; must
be equal to the sum of the ion
currents:

I=1"+4+1"+1". (8-2)
e P c o
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When Eqs. 8-1 and 8-2 are combined,

I ° is determined in terms of Pé(. and
[ ~

P? is known:

de

|>‘ = P

de in (8-3)

+0.2 Py - 0.8 L'E
. C

Here, Pin = 526 MW is the power that

is injected and trapped, and PF =
2530 MW is the fusion power. The
second term in the right-hand side of
Eq. 8-3 pives the power carried by
the alphas, and the last term repre-
sents the 80% of the residual kinetic
= % Tos of the reacting D+
and T+ ions that is carried away by

cnergy, E
BYs Eo

the resulting neutrons and is not
available for direct conversion.
This last term has only a 1% effect

here and is therefore ignored in

dc
three equations are combined, the

determining P, and lé. When these
result is that Ié = 1284 A and I; =
2011 A.

It is interesting to check the
self-consistancy of the parameters.
From Table 2-2 in Chapt. 2, the
volume of plasma in the central cell
is VC = 452 m3, the density is n, =
1.1 % 1020 m:3, and (at) =
20_, 3 L€
7.7 * 10 s/m”. Combining these
values gives Ié, the loss current

from the central cell, as

. 2 _
17= Vcnce/(nT)C = 1140 A.

This is only about 10% lower than the

value obtained from P&c and serves as
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Fig. 8-1. The distribution in ion

energy at the direct converter. For
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a satisfactory check on the various
quantities involved. In analyzing
the DC, we use Ié = 1284 A.

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

d1i~ 6
~—C = (5.06 x 10° A/koV)

-

dE
c

. exp(-Eé/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

—% 2 (1.35 - 101 Akev)

. exp(-E;/B0.0), 730 - E;

The distribution function for the
ions from the plugs is different.
Neutral atoms injected with energy
Ep,in are ionized and trapped in the
plugs. Once lonized, they begin io
lose energy to the electrons, which
have a lower mean energy. As the ion
energy decreases due to the electrou
drag, the frequency of elastic 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 disctribution 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
o 3.47 x 107 x (E; - 350)7>- 6,

dE”
P

658 < E; < 1550 .

The lower limit on E; is determined
by the ambipolar potential ¢ = 350 kV



and the mirror ratio R = 2.14 in the
plugs:
- min = T2~ = 658 keV.

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-
ficliently 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

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 1s 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

power to the DC. To prcvide 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 137 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
grid.

be allowed to

at 1 to 2% for this

Neither grid can
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
densities of about 500 W/em® 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 i1s removed from
water at a temperature that is too
low to allow efficient recovery in a

thermal cycle., However, because of
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Fig. 8-2. Power and current flow in a single-stage direct converter on the
TMR, where the efficiency is npe = [(1853 x 350) - (152 = 170)]/1.032 x 106

= 0.603,
the danger of failure among the many power density of any of the possible
tubes operating close to their materials for radiatively cooled
mechanical limits, convectively grids. Besides having a high
cooled grids of all kinds should emissivity and a relatively high work
probably be avoided. function (for lower temperature and
Here, we postulate radiatively decreased thermionic electron
cooled grids. Grids made from a emission), the carbon grids appear
carbon/carbon composite material strong enough to span large
appear able to handle the highest distances, thus reducing interception
First Electron Second
First Second ion suppressor ion
grid grid collector grid collector

v=0 -170 kv +345kV  +340kV  +648 kV

1032-MW input:
438.5-A, 807-keV D*
1284-A, 380-keV D* + T+
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Ground 152-A input 1473-A  35-A 344-A
connection at-170 kV output at output at output at
+345kV +340kV +648 kV

Fig. 8~3. Power and current flow in a two-stage direct converter on the TMR,
where the efficiency is Npc = [(1473 % 345) + (35 x 340) + (344 % 648)
- (152 % 170)]/1.032 x 100 = 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 bc 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
to about 200 W/cm2 when the energy of
the incident o and T ions is about
170 keV.
ﬁi = 472 keV, with the result that

Here, the mean energy 1s

the collector voltages are about
three times higher and the loss of
power due to thermionic emission at
200 w/cm2 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
W/cm2 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
330 W/cmz. 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
w/cm2 and the mean ion energy is 472
keV, the current density is
2% 10_4 A/cmz. 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.
the first ion collector should be set
at 350 kV., When retarded by 350 kV,

these two groups of ions have the

Also in Fig, 8-1, note that

same density as a 1.6 x 10_4 A/cm2
beam of mono-energetic ions with 380

keV of initial energy. Such a beam



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
2 is
avoided if the pressure is kept below
2% 107"
initiated breakdown indicates that

the 520-kV difference can be held

Paschen curve, gas breakdown in H

Torr. Data on surface-

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
J/m2 when the spacing is 4.0 m and
the voltage difference is 520 kV,
Therefore, 10 J is stored in 33 m2 of
area, and s}nce each DC has 516 m2 of
frontal area, each must be divided
into about 16 sections to keep the

energy stored in each section below
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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
In
the following text, a single~stage DC

encountered by the incident beam.

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 57
opaque, 1t intercepts 47 MW 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
t.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% 107

A single collector can recover

Torr.

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.

is proportional to the collector

Since the recovered power

potential, it is set at the maximum
value, 350 kV.
power is 350 kV x 1,872 kA = 655 MW

Then, the recovered
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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 1352 A. At a grid
potential cof -170 kV, thils is a power
loss of 26 MW. Grid potential ir set
at -4Te 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 3B A collected at 350
kV results in a loss of 7 MW of
Finally then, 622 MW ;f net

electric power is recovered from the

power.



incident 1032 MW.

can therefore be expected to recover

A single~stage DC

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

Table 8-1.
a 1032-MW input power.

The 173 MW

of heat radiated from the grids is

on the negative supply.)

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

Summary of losses from the one- and two-stage direct converters for

One-stage Two-stage
Loss  Remains Loss  Remains
lLoss mechanism (MW) (MW) (M) (MW)
Unrecovered primary electrons 85 947 85 947
Interception of ions by grounded grid 47 900 47 900
Interception of ions by negative grid 18 882 18 882
Charge exchange 4] 882 4] 882
Remaining kinetic energy of ions when
collected 227 655 101 781
Loss due to the mean angle of incidence 0 655 11 770
Loss due to the spread in angle of
incidence 0 655 13 757
Drain on negative grid power supply 26 629 26 731
Collection of thermionic electrons 7 622 7 724
Suppressor grids 0 622 7 717
Recovered power: 622 717
Lost power: 410 315
Efficiency (%): 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
ions 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 4(, 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 10l MW appeari-g as
heat.

To sort the ions according to
energy, the VB must be tilted at an
angle whose optimum valu: is 6.9° to
give the ions a mean incident angle
of 83,1°.
reduction of the collector potentials
by a factor cos’(6.97) = 0.986 and
reduces the recovered power by the
Also, the

This tilting requires the

same factor to 770 MW.
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energy sorting 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 Md. 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 ccllector
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, 1If 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 potentilal
difference is about 310 kV, the power
loss 1s 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 69.5%
(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
This 142 MW
is composed of 101 MW from ion

kinetic energy, 11 MW plus 13 MW from

are convectively cooled.

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 [ON 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 asscvciated 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-
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ing 1141 A from the direct converter
is converted to 60 Hz and returned to

the 230-kV ac power bus.

Ton Source Power Supplies

The power supplies and associated
equipment for the ion sources can be
broken down into the following major

categories:?

e Filament and arc power supplies
powered from an 800-Hz power source.

® Low-capacity insulating trans-
formers.

e 60-Hz to 800-Hz converters.

e Negative 600-kV power supply.

e Positive topping power supply.

e Modulator regulator.

e Intermediatc 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 ané
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

1s a transformer-thyristor arrangement
in which the thy'ristor control provides
constant~current characteristics.

The arc supply has a turn-down feature
that reduces the arc current whenever

a spark discharge 1s 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 by 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
stacked 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 durlng 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 dec 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:

e Two plug coil sets, each consist~
ing of a Yin-Yang coil pair and a
solenoidal pair.

o Thirty-four central-cell sole-
noids.

The same power-supply design is used

for all coils. The inventory of power
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supplies for the entire reactor is as

follows:
e Yin-Yang coils: 2 power
supplies
@ Plug solenoidal coils: 4 power
supplies

e Central-cell solenoids:l7 power
supplies

Total:23

Fach power supply has the following

ratings:
e Output voltage: 60 V
e Output ripple: <250 mV
e OQutput current: 10 kA
e Power: 600 kW

The charging time of the magnetr
coils is 24 h. The power supplies
have the following unique features:

o 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.

e The rate of charge into the mag-~
net coll is precisely controlled in

accordance with a prescribed plan.

e 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.

o 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.



o 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-hel:ium 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, haiv. provisions for
either manual or computer control.
Also, computer storage is provided for
taking and storing the values of

various coil parameters.

POWER SUPPLY EFFICLENCLES

All power supplies in the TMR

system are optimized for high effi-

Estimated efficiencies
of TMR nower supplies.

Table 9-1.

Power supply Efficiency
(MVA) %)
10 >937
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 transrission systems
attain an overall efficiency better
than 97%.

have estimated for the TMR power sup-

The efficiencies that we

plies are iisted 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 of 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.

mirror machines having classical end

The plugs are assumed to be

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 wuterium and tritium.
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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 f 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 {nt'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



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 scalilug lcus 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
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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 refriper-
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. Summaryv of cost estimates for central cell,

Ttem

Cost estimate

Blanket (estimated on a per unit mass basis):
Stainless steel structure
Neutron moderator and tritium-breeding

1
material

Shield (estimated on a por 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
density of 1200 A/cmz.)

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 Lc and with the
square of the outer radius of che central

cell router)

$22/kg

$25/kg

$11/kg
$1/kg
$5,50/kg

S14/kg

$6.60/kg
$0.0023/A*m

$14/kg
$11/kg

Normalized to $600 thousand
for a 3-m-long module

weighing 7.2 x 105 kg,

Normalized to $24 million

for . =100 m and r =
< outer
4.5 m

8The $25/kg estimate was made for lithium aluminate, one of cthe 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.
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Table 10-2,

Summary of cost estimates for plugs.

Item

Cost estimate

Plug coils (a cryogenic-Al Yin-Yang coil pair inside

a superconducting solenoidal pair)

Solenoidal pair (designed for an overall current

density of 3000 A/cmz)
— plus winding

$0.0013/A*m
$0.0023/A*m

Stainless-steel restraining structure for the

solenoidal pair

$22/kg

Yin-Yang coil pair (pure-Al conductor and Al-alloy

internal structure)

— plus winding

$22/kg
$0,0023 A*m

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

$22/kg

$40 million

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 the square of the outer radius r,

cell)

ute

Normalized to $19

million of r

of the central
outer
=4,5m

r

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 reirigera-
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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 $270 million.
As an economic figure of merit,

we add all the above direct capital



Table 10-3,

Summary of cost estimates for thermal conversion,

conversion, and injection systems,

Ttem

Cost estimate

Thermal conversion system (includes blanket coolant
loop, direct converter coolant loop, steam genetators,

turbine generators, steam condensers, all steam and

$70/kW of thermal
power handled by the

thermal converter.

water piping, cooling towers, and the turbine hall).

Direct conversion system (includes direct converter vacuum
tank, collector elements, electrical conditioning equip-

ment, and thermal panels for the radiative cooling of

collector elements)

Injection system (includes injector plus

supplies)a

$130/kW of charged-
particle power enter-
ing the direct con-
verter.

their power $200/kW of electri-
cal power input to

the injectors.

%The effect of a higher injection system cost will also be

*
costs and divide by the net electric
power to obtain the direct capital
cost per unit of installed capacity

[$/kwW(e)].

tion of this figure

We have used the minimiza-
of merit to
of the TMR. (In

Fusion Reactor

optimize the design
our Standard Mirror

st:udy,lo—2 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,1 “< we estimated that
indireet costs (indiract field costs,
engineering services, contingency,
interest during construction, and
general office costs) are 1,48 times
the direct capital costs.
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discussed.

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
2.1 MW/m2 (vs 3,3 for our standard

mirror reactor).



COST OPTIMIZATION

Input for the Point Design
We chose to specify a net electric

power of 1000 MW(e¢) for the TMR point

design. (Lower and higher power
levels will 'ie discussed later in this
chapter.) Other input parameters
held constant in our search for an
optimized point desipn 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
Fraction 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 $1260/kW(e) occurs for

Injection energy = 1.2 MeV
Central-cell ion temperature = 30 keV
Plug~to-central cell Rvac = 7.0

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 clectrical
power minus the net electr.ical power,
divided by the gross electrical power)
and the neutron loading of the first
wall.

tradeol{ between a good power balance

TMR optimization is always a

(low recirculating power fraction)
and a high central-cell power density
(high neutron loading of the first
wall).

results in a "good" change in one

Note that moving of f~optimum

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

ovcr a wider range of injection energy.
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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,



Table 10-5. Plasma parsmeters for the TMR point deisgn.

Parameter Value

Injection energy 1,2 Mev
Average plug ion energy, Ep 878 kev
Electron temperature, Te 42 keV
Central-cell ion temperature, TC 30 keV
Electron potential, Qc 263 keV
Central-cell ion potential, e 88 keV
Plug £ 1.0
Central-cell £ 0.7
Plug particle nt 2,5 x lOlas/cm3
Central-cell particle nT 7.7 % 1014
Central-cell to plugs plasma volume ratio 500
Plug~to-central cell ion density ratio 7.96
<ov>DT 6.64 x 10_16cm3/s
Plug ion density, n 8,57 x 1014 cm_3
Central-cell ion density, n 1.08 % 1014
Plug plasma radius, rp 0.48 m
Central-cell plasma radius, r, 1.22 m
Fusion power density 5.41 w/cm3
First-wall neutron loading, 1"n 2,06 Mw/m2

4,81

Q
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Table 10-6, Physical characteristics of the TMR point design.

Item Value
i 0
Plug vacuum mirror ratio, Rvac, plug 1.07
Plug vacuum central field, BO, plug 16.5 T
Plug center-to-central cell mirror ratio 7.0
Central-cell vacuum field 2.4 T
Central-cell dimensions:
Length, Lc 101 m
First-wall radius, L. 1.56 m
Outside radius 4.52 m

Description of the Point Design

The plasma characteristics of the
o -+ .7nized point design are given in
Tabie 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 investipated the effect on re-
actor design of values other than

those used in the point design.

Other Power Levzls
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.,
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Table 10-7. Power-flow quantities in the TMR point design.

Value

Item (MW)
Electric input power to injectors 734
Injected neutral-beam power 587
Trapped neutral-beam power 526
Fusion power 2532
Thermal power into blanket 2026
Thermal power out of blanket 2431
Charged-particle power into direct converter 1033
Electric power out of direct converter 620
Thermal power into thermal converter 2844
Electric power out of thermal converter 1138
Gross electric power 1757
Auxiliary power 23
Net electric power 1000
Recirculating power fracticn: 0.43
System efficiency: 0.34
they have the same injection energy, had almost no effect on the costs shown

r

central-cell lon temperature, and in the figure, Figure 10~5(b) shows
plug-to-central cell mirror ratio as that the cost decreases with increas-
the point design. We found that re- ing power for two reasons: a decrease
optimization of the central-cell ion in the recirculating power faction
temperature, the plug-to-central cell and an increase in first-wall loading.

mirror ratio, and the ignition energy The optimized 2000-MW(e) TMR has a 150~
for the 250 MW(e) and 2000 MW(e) cases m-long central cell and costs $980/kW(e).
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Table 10-8.

Cost breakdown — TMR point design.

Item

(millions of §)

Cost
% of total

Central cell
Blanket
Shield
Vacuum vessel
Coil
Coil structure
Main structure

Crawler-transporter
Subtotal:

Plug coils

Reactor building

Injector system

Direct conversion system
Thermal conversion system

Qther
Total:

114 8.9
62 4.9

11 0.9

35 2.7

21 1.6

51 4.0
22 1.7
316 24,7
171 13.3
44 3.4
147 11.5
134 10.5
199 15.5
_270 2.1
1,281 100

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
physies effect, this one detrimental,
1s 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)]. plug
increased (to 3.4 X 1014s), but the
reduction in volume ratio (to 300)

As expected, nT

resulted in a net decrease in Q (to
3.9).

power fraction increased only a small

However, the recirculating

amount (to 0.46) because the neutral-
beam trapping fraction increased to

0.98. Finally, the neutron loading

202



of the first wall increased to

2.5 MW/m2 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 luswer recirculati-
ng power fraction, However, the
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 Bc was 0.7, and the
central-cell plasma was assumed to
obey the "long, thin' approximation;
i.e.,
= a-s)t?

Bplasma vacuum c

Recent physics analyses indicate that
the central-cell plasma may be stable
for Bc as high as 0.95. Figure 10-6
shows the cost of optimized (central-
cell ion temperature and plug-to-
central cell mirvor ratio) 1000-MW(e)
TMR's as a function of Bc. For

Sc = 0.95, the cost of an optimized
1000-MW(e) TMR is reduced to
$1080/kW(e). This reactor is consider-
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Fig. 10~6. C(ost of optimized 1000~
MW(e) TMR's as a function of central-~
cell beta . and plug beta Bp.

ably shorter and fatter than the point
design: the central-cell length Lc is
55 m (versus 100 w) and the first-wall
radius is 2.2 m (versus 1.6 m). The
recirculating power fraction is
reduced to 0.34, and tne first~wall
loading is increased slightly to

2,2 Mw/mz.

Variation of Plug B

The point design value of plug
beta Bp was 1.0, and the plug plasma
was assumed to obey a '"short', fat"
approximation for 2XIIB~like plasmas;

i.e,,

8
= - P
Bvacuum @ 2 )

Bplasma
Note that complete exclusion of the
magnetic field by the plasma (just

prior to field reversal) would require



Bp = 2. Experiments on 2XIIB indicate
that Gp in the range of 1 to 2 may
be possible.

Figure 10-6 shows the cost of
optimized (central-cell ion tempera-
ture and plug-to-central cell mirror
ratio) 1000 MW(e) T™MR's as a function
of Sp. It can be seen that there is
an optimum value of Bp = 1.7, for
which the reactor cost is reduced to
$1000/kW(e).

more compact than the point design:

This reactor is much

Lc is 57 m and the first-wall radius
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/mZ. 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
central cell (5.7 % 1014 cm_3). This
optimdﬁ design for high plug P would
probably change if we adopted the
mill/kWh minimization method, in-
cluding the costs of blanket main-

tenance.

Variation of fu

For the point design, we assume
that fa, the fraction of alpha part-
icles adiabatically confined, was
unity.
it also appears that the confinement
of these particles could be intention-

ally spoiled by a redesign of the
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Although this appears possible,

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 fa = 0.5 and found
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.

Variati
ariation of BO, plug

The vacuum magnetic field strength

at the center of the plug, BO, 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 BO, plu is varied
from 15 to 18 T. Figure 10-7(b)
shows that as BO, plug
both reactor figures of merit — the

is iIncreased,

recirculating power fraction and
neutron loading of the first wall —
improve, and thus the cost decreases.
The decreasing rate of cost reduction
is due to

0, plug
the rapidly increasing cost of the

with increasing B
pluz magnets. Increasing the plug
field from its point design value to

18 T reduces the reactor cost by only



1.8%.

only a 3.4% increase in reactor cost

Also, we note that there is

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

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 (goad

2
2
X
&
(4]
=4
{
= 1.2 TR RN
8 15 16 17
By, plug— T
0.44 11— ey 2.8 o
_m
. 0.43 — 24 3
0.42~ —2.0
0.41 L’l/’[ i [ 1 =
. . —
15 16 17 1; 6
By, plug — T
Fig. 10-7. Effect on (a) predicted

reactor cost and (b) recirculating
power fraction £, and neutron load-
ing of the first wall T of varia-
tion in By, lug?® the vacuum mag-
netic field stréngth at the center
of the plug, for 1000-MW(e) TMR's
with vacuum mirror ratio of the

plug Rvac,plug = 1.07,
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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) ™R's as a
function of Rvac,plug for a constant
value of the plug mirror field
(17.7 T). This means that as
Rvac,plug is increased from its point
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

:55__ 1.3 T T ] T
‘=2
g | ]
Sep
[=)
- 1.2 1 , S - ’ L
1.0 1.2 1.4 1.6
va,me
Fig. 10-8. Predicted cost of optimized

1000-MW(e) TMR's as a function of
the vacuum mirror ratio of the plug
Rvac,plug for plug mirror field

mirror 7T,

shows that an optimum mirror ratio

= 1.25,
vac,plug
somewhat higher than the point design

exlsts at about R
value. However, the optimum is quite
shallow, and the minimum cost is only
1.5% less than that for the point

design.



Variation of Blanket Energy
Multiplication
The blanket energy multiplication

factor, M, is 1.2 for the point design.
Figure 10~9 shows the predicted - -t
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
Reac\tor,lo-2 we predict that an M of
1.7 to 1.9 could be achieved in IMR
with a beryllium~bearing blanket,
which would cost about 2.4 times as

much as the non-beryllium blanket.

1.4 T T T T T
C)
=2
=<
&
S 1.3
!
@
8
1.2 1L J 1 I 1
1.0 1.1 1.2 1.3
M
Fig. 10-9. Predicted cost for 1000~

MW(e) TMR's (without optimization)
as a function of the blanket energy
multiplication factor M.
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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, Gither of these
reactors would be considerably shorter
than the point design (Lc = 62 m for
M=1.7; Lc =59 m for M = 1.9).

Variation of Conversion Lfficlencies

The point design values for con-
version efficiencies are 0.4 for the
thermal converter (lncluding 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 efficilency.)

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~
ficienclies. Tor 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 §
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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 Nes (1)
of the direct converter ny., aud
(¢) of the injector system nj.

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)
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the injector system for the plug
estimated to cost $200/kW of clectrical
power input to the injectors. (Since
the point desipn value for injector
efficiency was estimated to be 0.8,
this cost is cquivalent to $250/kW

of neutral-becam power.) Because
recent work suggests that thls 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 ncutral-beam
power, The result for a reoptimized
(central-cell ion temperature and
plug-to-central cell mirror ratio)
1000-MW(e) TMR is an 117 increase in
the pr. ted reactor cost. Thus,

it Is quite important to resolve the
questlion of injector cost. In Chapt. 7,
the cost estimate of $320/kW is in-
termediate between the $250 and $500
values; our best curreni estimate
therefore represents a 57 increasc

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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Fig, 10-11. Optlmum neutral~bcam

injection energy and predicted
cost of optimized 1000-MW(e) TMR's
as functlons of f,, the fraction
nf the total heating that goes to
the electrons,

the predicted cost of optimized
1000-MW(e) reactors as functlons of
fe’ the fraction of the total heating

that goes directly to the electrons.
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For our point design with neutral-
beam injection only, fe = 0, There
is an optimum value of fe near 0.75

for which the cost of the reactor is
reduced to $1160/kW(e).

beam injection enczrgy for this

The neutral-

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
(TMRj .

time, total invested 1.2-MeV neutral-

Considerations include startup

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 for the TMR, we
consider a startup procedure in which
beams from the 1.2-MeV neutral-beam
modules* impinge on a low-energy,
initial plasma target of density
np =0 = npo = 0.01 npf, where npf
1s cue 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 17 of the maximum value
(plusma stream density ng = 10l2;
1014y,

to calculate the startup time t, and

final 2X density o = We wish

" the total neutral-beam energy wb

invested during startup of the TMR:
t
s

g Pb (t) dc.
0

The startup time ts can be defined

W, = (11-1)

b

%

When any module is "on", it is on at
full voltage, current density, and
power.
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as the time required for the density
in the plug (and the corresponding

density in the solenoid

nc(t) ) n (t)
Des npf

to reach 637 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
L), Dir-

ferent beam power tlme functions

for a zero net power (Q

Ph(t) may be consldered to minimize
startup cenergy.
The rate equatlon for np(t) is

given by
1 - exp [—np(er)uef[]
2

n
U L
(n'L‘)p

(11-2)

where VP = 4/3 ﬂrpj is the volume of
the plug

might be

[perhaps rp = rp(t), but it
taken constant with certain
profiles of target plasna and beam
injection].

We assume that the incident beam

current L may be approximated by a

b0
pencil beam aimed through the plasma
diameter and that it is attenuated

by an effective cross section
I<g,v>

Yeff =TV
ionization ‘on deuterons at Einj

= 1.2 MeV (0.~ 1 x 1071602 5,

» which is nearly all



1.2 MeV). Furthermore, we assume that
the plasma confinement product (n'r)p
is independent of density, as is
appropriate for classical loss rates
due to ion-ion scattering and electron
drag. Since the TMR plasma energy
balances for Te and T1 are also in-
as long as we

dependent of n_ or n
P [

keep n /nc constant, HL can take Te,
P

Ti and (n‘L)p 6 # 10 Li/§ x 2.5
« 10Mem Yes constant to zero order.
When np is small, the plasma is
thin to the beam, and the loss term
nsl(nT)p can be neglected. Equation
(11-2) then gives
dn
i \;‘-,— (1) @r) (g¢0)5 (11-3)

that is, np increases exponentially

in time as

np(t) sono exp(t/TD), (11-4)

P

with a time constant Ty given by

qV

= (11-5)
0 IbO (2rp) [

eff

At high density, the plasma becomes
thick to the beam, so that
exp[-np(ZVp)Ueff] = 0, and the loss
term n%/(nT)p begins to dominate,
Equation (11-2) predicts that the
density will saturate to a maximum

value npf at equilibrium (dnp/dt = Q)

given by
I n2
b0 _ _pf_ . 11-6)
qVP (nT)p ’
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that is,

4 1f2
L, (nt)
n = [____.__b() l‘EJ .
pf qu

Starting with 0,01 n

(11-7)

pf density in the

thin-plasma limit and assuming con-

stant [, rp, and TO’ we can estimate

b
the startup time for the density to

exponentiate to 0.63 npi

t = T. 1ln 63 = 4t 1

s 0 0 (11-8)

Let us consider the case where all
the beam current and power required

to maintain the steady state at
n . =8.6x 103, ¢
pf P 14
Einj = 1,2 MeV, and nTp = 2,5 x 10

= 48 cm at

cm™3+s are switched onto the target
at t O and maintained constant
during tne buildup. For these para~
(11~6) gives IbO = 219 A
bO 244 A
for 107 beam transmission in the

Then Eq. (11-5) gives

an exponentiation time constant

meters, Eq.

it

for all beam trapped and 1

steady state.

Tg = 32 ms and a startup time
t_ ~ 0.13 s,
s

time.

This is a very short
The beam energy consumed

during this time is

s (2) (66 A2 % 10%)

(0.13) = 76 MJ.

This energy is within the range of
energy that can be stored in devices
such as batteries or homopolar gener-

=0.13 s

ators. In fact, however, ts



is too short for reactor startup
because the characteristic time
constant for hot alpha particles Bnd
electrons to heat solenoid ions is
1z‘cm3/s)/1014cm

/n_ (2.7 % 10 -3
Thus, fusion power will

anrag e
= 2,74 s.

not be generated until several seconds
after the plug plasmas have been built
up.

The thermal time constant for the

blanket is much larger:

Yhlanket
J
(10°cm3)(soo°c)<4 ~—§————)
°
- cm” " C
2 » 10® w/n?
= 103 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 (225%) 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 1s cooled down and the
field 1s generated.

2. The blanket and the thermal con-
version part of the direct con-

verter are warmed up by circulating
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helium, which is heated externally.
Assume this requires 25 MW,

The cryogenic magnet is energized;

w

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 capacitour bank.

The neutral-beam modules are turned

w

on in the plugs; this consumes
734 MW (e).
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.)

A'=]

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 5% 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

L1t should be emphasized that startup

is an event that can be scheduled for
times when excess capacity from the
grid is available,
the reactor will run continuously
until a scheduled maintenance or un-

planned outage occurs; that could be
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Also after startup

Transition to a 50% D,
50% T central-cell fue)
mixture so that the
thermal power system
experiences a power
increase of ~ 5%/min.

TMR during the startup sequence.
months. It may be possible to start
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,



We shall treat questions such as the transicnt power loading (i.ce., how fast
best ways te store energy during plasma  can we go from the power-consuming
buildup, the fraction of full load that phasce to the power-output phase), and

can be sustained, the factors affecting load-following characteristics.
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SUMMARY

Much of the techrolopy needed for
the Tandem Mirror Reactor (TMR) is
either state-of-the-art or is already
being developed for vther fusion
reactor designs, We have proposcd
speclal development programs for
areas of technology not falling into

cither of these catepories,

TECHNOLOGY REPRESENTING
STATE-OF-THE~ART OR BETNG DEVELOPED

Blanket
The blanket in the TMR has a
simple cyllndrical geometry and
modest (2 Mw-m—z) wall loading,
Therclore, the material requirements
and TirsL-wall desipgn are similar to
tf not casier to fulfill Lhan those

In other fusion reactor desipns,

The central~cell magnet is a NDb~TH,
2.5-T, de superconductIng coil that

could use state-of-the~art technology.

Superconducting Magnet for the
nd Plug

The superconducting magnet in cach
end plug ls constructed from NbBSn
and has a 17.3-T fleld at the winding.
Because this magnet 1s a simple sole-
noldal palr and has a simply curved,
winding pattern wilth a 4~ to 5-m

radius of curvature, there are no

219

special problems due to peometry.
The conductor is now belng developed
and will probably be available within

5 ycars.

TECHNOLOGY NEEDTING SPECTAL DEVELOPMENT
PROGRAMS

Lryogenle Magner Tor the Fnd Plug

The cryogenic Yin-Yang magnet used
in cach end plug is made of alumlioum,
produces an ineremental 1-T field
superimposed on the 17.3-T fleld of
the solenoidal palr, and is about 3 m
in diameter, This coll represents a
modest extension of state-of-the-art
technology and could probably be buiit
fn 10 years. See Rel. 12-1 for the

mapnet development program plan.

End-Plug Tnjector

A high-encrgy (1200-keV) high-
efficiency ( 80%) necutral-beam injector
ls used for the end plugs. The
negative-ion technology that Is the
baiiis Tor this Injection system does
not now cxist, and only a small
development program ls underway. How-~
ever, the basic processes are well
known and each individual step has
been demonstrated. Rapid progress
is likely once a sizable effort is
mounted. A program plan for the
devclopment of a neutrul-beam injector
whose desigr {s based on the production
of negative-ion beams is discussed

elsewherr:.lz-2



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

T™R.

plasma direct converter on each end

Also, we plan to mount a small

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 Production and Control

A great deal of experimental in-
formation is needed on techniques for

plasma production, impurity control,

pumping, etc.

response to this need that we have

initiated the TMJ(.lz"4

GPO 789~086/2062

CKM

It is partially in
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