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Engineering Aspects of a Thermonuclear Power Plant

By L. Geller, R. W. Kupp and S. Koslov *

The optimistic picture of unlimited fusion power
in the near future for all nations of the world is tacitly
based upon the assumption that a D-D fusion reactor
is possible. A T-D reactor, though having numerous
advantages, e.g., a lower ignition temperature and a
relatively small fraction of bremsstrahlung radiation,
among others, does not seem to be economically within
the reach of any but the largest nations, since the
inventory of tritium required is extremely expensive
and difficult to come by. Of course, once a T-D
machine is in operation, or even a D-D machine for
that matter, it is presumably possible to breed suffi-
cient tritium to maintain the inventory required.
However, the very difficult neutron balance problems
and material corrosion problems associated with this
tritium breeding on the one hand, and the attractive
possibility of using only naturally occurring materials
on the other make it of considerable importance to
pursue the development of a D-D reactor.

The plasma containment problem, common to all
fusion reactors, is assumed in the present paper to
have been solved. It is absolutely necessary that this
phase of fusion reactor development be satisfactorily
completed before any subsequent work can be done;
and since the present paper is a gross economics-
engineering evaluation of the D-D reactor it is quite
reasonable to assume that such a reactor can be built.
The results derived below are limited by our present
knowledge concerning steady state containment of a
plasma so that a large solenoidal magnet surrounding
the reactor chamber is assumed to be an essential
constituent of the power generator. Future related
discoveries could play a large part in altering the
conclusions derived here.

A cross section of the kind of machine considered is
shown in Fig. 1. The reacting plasma in the center
is surrounded by the " bremsstrahlung shield ",
followed by the main coolant annulus and then by the
confining magnet coils. The bremsstrahlung shield
is a thin-walled water-cooled jacket capable of remov-
ing the enormous power brought away by the brems-
strahlung radiation and the ions in their collisions with
the wall. The main coolant annulus carries water
which absorbs and carries away the energy brought
out by the neutrons. In operation, the plasma ions

are continuously being purged and replenished. The
axial geometry of the reactor is left unspecified so
that both toroidal and rectilinear machines are included
in the analysis. All calculations are carried out
per unit length of solenoid structure and the total
length is chosen so that the gross electric power
produced is specified. For definiteness, the gross
electrical power is taken here to be 1000 Mw plus the
ohmic loss in the magnets. The saleable electric
power will then be that portion of the 1000 Mw not
used by pumps and other plant auxiliary requirements.

PLASMA

The plasma is assumed to be of uniform density
across the tube and to occupy a volume with a radius
less than the radius of the inner tube wall. This
plasma radius, rp, can then be made to correspond to
a real distribution, although for present purposes the
uniform assumption is satisfactory.

The temperature of the plasma was the first im-
portant variable to be determined, and fortunately,
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* Vitro Engineering Company. Figure 1. Typical cross section of a fusion reactor
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Figure 2. Stable operating powers and temperatures vs. purge rate

within wide limits, this is independent of all struc-
tural parameters and so may be considered separately.
For a given purge rate R and magnetic field В the
steady-state plasma temperature can be determined
by establishing a balance of the particle and magnetic
pressures, of each ionic species, and of the ionic
energy within the reactor chamber.

At pressure balance, the plasma density is related
to the magnetic field by

nW = 2.49 X 107J32,

where n = total number of particles (electrons and
ions) cm3 of plasma, W = temperature in kev and
В = magnetic field strength in gauss.

In order to keep the number of variables to a
minimum, a fixed value of В equal to 50,000 gauss has
been used in the reactor design evaluated. This
value was chosen because it is the largest field strength
that appears to be attainable using existing techno-
logy.

For an input of pure D, the reactions considered
are (The numbers in parentheses are the energies in
Mev associated with each particle.):
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At particle balance, the ionic densities, пъ are given
by
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The average reaction coefficients were obtained as
functions of temperature by fitting a formula of the
type

(av)i = W-*l* exp (Ai + BXW-I*)

to the data of Thompson.1 The actual numbers
used in the calculations are given in Table 1.

For a power balance, it is necessary that the fusion
power Pi carried by the ions be sufficient to account
for the power radiated away via bremsstrahlung,
Pb, and swept away via the purge system, Pf*.

Pi = p b + P f .

The explicit forms for these powers in watts/cm3 of
plasma volume are

P1 = 1.6 X 10-13 (2

+ 3.5 <O-Ï/>

Рь = 4.84 x Ю-31 W

X (fljy + Пр

D

2 + 0.4 <

+ 18.3 <<7?/>

and P f = 2.4 x 10-16 nWR

where nG = nj) + nv + пт + 2 na + 2 ^нез is the
number of electrons per unit plasma volume. The
neutrons which are produced in fusion reactions
are assumed to leave the chamber with their nascent
energy, all of which is deposited in the coolant annulus.
The rate at which neutrons carry out energy is

P n = 1.6 x 10-13
+ 14.1 <CTT;>C пьпт).

The equations listed above were solved for the
quantities W, Р ъ Рь, Pf, P n and the ionic densities,
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Figure 3. Stable operating powers and deuteron density vs.
plasma temperature
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Table 1. Temperature Variation of Reaction Coefficients

Reaction

(a) D(D, p)T . .
(b) D(D, n)He3 .
(c) D(T, n)a . .
(d) D(He3, p)a .

10

0.61
0.57

. 105.0
0.07

20

2.82
2.84

260.0
4.78

30

5.67
5.89

387.0
12.5

Temperature, kev

40

8.63
9.23

486.0
34.4

60

14.2
15.7

630.0
120.0

80

23.1
25.9

880.0
314.0

100

23.2
26.4

796.0
442.0

all as functions of the sweep rate, R. Some of these
quantities are presented in Figs. 2 and 3, which show a
number of surprising results. In the first place, it
may be seen that for each admissible plasma tempera-
ture there are two stable sweep rates, and the curves
of Fig. 2 indicate that the reverse is also true. Corre-
spondingly, there are two sets of Pi, P n and Wj> for
each temperature, as indicated in Fig. 3. It may be
observed that, as the temperature increases above
the minimum value of 33 kev, these quantities decrease
except for the slight initial rise on the upper branch.
The operating temperature giving the largest total
steady power generation rate is the lowest rather than
the highest possible temperature. Another significant
point is that at this lowest temperature the ratio of
Pi to P n is a minimum and, for a given total power,
represents the lowest bremsstrahlung radiation. For
these reasons, the reactor temperature is chosen to
be 33 kev.

It is important to note that this choice of tempera-
ture is permissible only if other considerations do not
place restrictions on the sweep rate R. At a tem-
perature of ~ 33 kev, there is a relatively wide range
of possible sweep rates permitted because of the
rather broad minimum in the W-R curve of Fig. 2,
running from about 0.04/sec. to 0.08/sec. However,
mechanical limitations on removal of ions (or, more
likely, ionic diffusion rates to walls as determined by
the specific containment scheme), tacitly assumed to
be accounted for by adjustment of R, may require that
R lie in some other range of values. The choice of
W = 33 as the operating plasma temperature is
perhaps only opportune, but within the limits of our
present knowledge is justifiable. At this temperature,
as may be seen from the curves of Fig. 3, the neutron
and ionic powers are 5.3 and 3.8 watts/cm3 of plasma,
respectively.

HEAT TRANSFER

With the temperature thus suitably chosen, the
heat removal problems will be considered. The
bremsstrahlung shield surrounding the plasma is
designed to transfer to the power generating equip-
ment the large amount of heat carried away by the
electron bremsstrahlung radiation and also the energy
carried by the ions swept out of the reaction volume.
The inclusion of this power, Pf, of magnitude compar-
able with the actual bremsstrahlung radiation, is
somewhat arbitrary but conditioned by the feeling
that some fraction of the " sweeping out " of ions will
actually be a loss to the walls. In any event, it is
a conservative assumption since any energy physi-

cally swept out of the chamber will reduce the load
on the bremsstrahlung shield, and insofar as the
over-all heat balance is concerned could conceivably
be partially recovered.

The bremsstrahlung shield will have to be fabricated
out of thin-walled tubing joined together in a laminated
cylindrical envelope. Water pumped through this
tubing will carry away the heat deposited in the
walls. No appreciable amount of neutron energy will
be deposited in the bremsstrahlung shield which is
considered to be essentially transparent to these
particles.

Experience with fission reactors indicates that there
is a limiting heat flux above which heat is difficult to
remove by conductive heat transfer to a flowing cool-
ant. This limit is not well defined, of course, but
a value of 5 X 105 BTU/hr ft2 seems as high as would
be justifiable at the present time. Ingenious schemes
for convoluting or otherwise artificing the brems-
strahlung shield may elevate this limit somewhat, but
will not change the main conclusions derived below.
These are based on the assumption that 5 X 105

BUT/hr ft2 is the allowed rate for heat deposited in the
bremsstrahlung shield, i. e., Рь and P f. Letting гъ
denote the radius of the latter, the condition that has
to be met is

5 X 105 (BTU/hr ft2)

3.413 (BTU/hr watts)

= 3.8 (watts/cm3 plasma) X (30.48)3 X rurp

2

or fp2 = 2.72 rb.

As previously noted, the neutrons give up their
energy to the coolant water in the annular blanket
surrounding the bremsstrahlung shield. The thick-
ness of this coolant blanket should be sufficient to
remove essentially all the neutron kinetic energy and
also to provide adequate radiation shielding for the
surrounding magnets. (On the other hand, it should
not be so thick that it introduces pumping or heat
transfer problems.) Preliminary calculations indicate
that a thickness of 3 ft is reasonable, and it is this
value that is consistently employed. Rather wide
variations in this value have only a slight effect on the
efficiency of the system so that its exact value is not
critical.

It has often been suggested that a considerable
increase in the energy carried away by the main
coolant water could be obtained by dissolving in the
water a substance, which is a strong neutron absorber
and which yields a high energy capture reaction
product. There certainly are several substances
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which have these properties, but unfortunately they
generally bring with them severe corrosion problems.
Alternately, a liquid metal coolant could be used. For
this reason, no w£ energy multiplier " has been assumed
dissolved in the coolant stream and credit for only
the 2.23 Mev capture gamma of the (n, p) reaction
is taken. By far the larger number of these will be
captured in the coolant water directly, and so this is a
justifiable assumption. Using the numbers derived
from the solution of the balance equations, the gain
in energy due to this source turns out to be 1.6 w/cm3

of plasma.
The total power, per foot of reactor, carried away

by the main coolant water will thus be 6.18 X 105fp
2

or 1.68xl06fb w/ft. Combining this with the
power carried away by the bremsstrahlung shield, the
gross thermal power to the steam plant is seen to be

P t h = 2.62 rhL Mw

where L (ft) is the axial length of the reactor. This
thermal power is converted to electrical power at
some efficiency y. For a large plant similar to the
type utilized in fission reactor technology naturally
adaptable to a fusion reactor, a value of y = 0.28
is attainable, so that the total electrical power at the
generators will be :

Pe = 0.731 rhL Mw.

MAGNET POWER

Of the power, a large part Pm will be needed to
maintain the confining magnetic field. A smaller
fraction will be needed for other plant devices. The
remainder is available for sale. Considerations involv-
ing the problems associated with distributing power
from large conventional central stations indicate that
1000 Mw of net electrical power is the most that can
be economically handled, and this value has been
used in determining the parameters of the reactor.
For simplicity, it has been assumed that the energy
requirements of the pumps and other plant machinery
can be ignored so that all electrical power generated
goes either to the magnets or is available for sale; in
symbols,

Pe = Pm + Psaleable - Pm + Ю9.

The magnet power is determined once the outer
magnet radius is fixed. Using the common form for
the ohmic loss in a solenoid, it will be :

L

where
pt = resistivity of copper (assumed coil material) at

temperature t\
В = magnetic field in gauss — 50,000 gauss;
r± = inner radius of magnet = Гъ + 3 ft;
r2 = outer radius of magnet in feet ;
L = axial length of reactor in feet ;
f = " free-flow " fraction of the solenoid cross-

sectional area required for magnetic cooling.
It is assumed here to be equal to 0.4.

The operating temperature of the magnet coils for
maximum efficiency has been studied to some extent.
The coils could be run hot so that heat could be reco-
vered, although at the cost of an increased ohmic loss.
Alternatively, the coils might be refrigerated to
extremely low temperatures. Using simple considera-
tions and available cost data, the cheapest scheme
turns out to be the operation of the magnets at a
temperature somewhat above ambient, around 60°C.
For the sake of illustration, the costs relative to 60°C
of removing the heat from the magnet coils at various
operation temperatures are shown, by the following:

mp. °C

+ 200
60

- 20
- 200

Heat removed Mw

1640
1160
850

116

Extra cost, M$

48

—

57

61

Inserting the known numbers in the formula for P n

gives :

L watts,

so that the relationship connecting P e and P m may
be used to determine the axial length of the reactor
as a function of r9 and ?v

L = 1370 / U - 0.683 r2 + b̂ + 3

REACTOR SIZE

In establishing a reasonable set of parameters for a
typical machine, a number of limiting factors have
to be generally considered. The maximum diameter
of the magnet coil winding, r2, should not be too large,
although it will undoubtedly be much larger than
usually occurs in industrial devices. In order not to
be too restrictive in this regard, values of rp up to
28 ft were included in the calculations. Another
limitation on the outer coil radius is imposed by
geometrical and confinement requirements. For
example, if the magnet coil is in the form of a simple
toroid, then its axial length, L, must exceed its minor
radius, r2, by at least a factor of 2n. In general it
seems evident that some restriction relating the
length and radius of the magnetic coil will be necessary.
The restriction used in this paper is that L > 6тгг2,
which implies that if the magnet is in the form of a
simple toroid, its major diameter is at least three
times as large as its minor diameter.

Using the formulas and restrictions developed
above, it is now possible to make a practical parame-
tric study of fusion reactors with the bremsstrahlung
shield radius, гъ, and the outer magnet radius, r2, as
the independent variables. As a " figure of merit "
for the system, it seems natural to choose its relative
total cost obtained as the sum of relative capital
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2358.4 Outer radius of confining magnet r 2 ( f t )

Figure 4. Capital cost vs. outer radius of confining magnet,
for specified values of rb

costs of the conventional power generating machinery
and of the copper in the magnet coils. Other costs
have been ignored or implicitly factored into one of
the above. To determine the relative total cost, it
is assumed that the capital costs appropriate for a
fission power plant, including the reactor, steam
generating equipment and electrical system, may also
be used in the present case of a fusion reactor to cover
the same items. The capital cost assumed for a
fission power plant is $300/kwe. The cost of fabri-
cated copper is taken to be $l/lb. It is clear that,
since the system generates the electricity needed for
its own magnets, less electrical generating capacity
will be required if the current supplied to the magnets
could be reduced by increasing their size and thus
reducing their resistance. This would require more
copper and could not be carried too far before the cost
of the copper becomes greater than that of the
generating capacity saved.

With the figures assumed above, the cost of the
plant exclusive of the magnets will be 0.3Pe = 2.19
X 105 fbL dollars, and the cost of the magnets will be
555(1 — /)т7(г2

2 - r±

2)L or 1050 L{r2

2 — гг

2) dollars,
using a density of 555 lb/ft3 for copper. The sum
of these quantities was computed as a function of r2

for a number of values of гъ. The results, normalized
to a net electrical power of 1000 Mw, are presented in
Fig. 4. It may be seen that for each fixed value of
гъ, there is a corresponding value of r2 which minimizes
the capital cost. These minima decrease as n>
increases and without other restrictions an extremely
large value of гъ and also r2 would seem to be indicated.
However, it was noted previously that physical
considerations restrict the length of the reactor in
accordance with the equation L > бтгг2. In Fig. 5
are drawn curves of L versus r2, for a fixed value of
гъ and also the line L = втгг2.

Only those design values lying to the left of this
straight line are admissible. The corresponding
maximum admissible values of r2 are indicated on the
curves of Fig. 4 as small vertical bars. It may be
seen that a large portion of the possible designs are

excluded and that the optimum design corresponds
to the parameters

rb = 6 ft.
r2 = 18 ft.

Capital cost = $550/Net kwe.
L = 350 ft.

The mechanical design of the plant will perhaps be
as critical a factor in assessing the ultimate feasibility
of the concept as the plasma-magnet heat balance.
The capital cost of the D-D machine is certainly higher
than either a conventional or fission power plant, and
the design complexity and tolerance for error more
difficult. Even assuming a virtually perfect initial
construction for machine components, the thermal
stress, corrosion in the heat transfer and magnet
piping and radiation damage will certainly require
replacement. Although we are not faced with a
fission product inventory problem, the intense neutron
flux impinging on the heat transfer system will result in
activation considerably above tolerance levels for
repair.

The over-all machine design must visualize a section-
ally demountable system. The machine in either a
toroidal or linear geometry is of essentially constant
construction except perhaps for end sections in a
linear machine. Assuming a toroidal geometry, a
study of possible designs would seem to indicate that
the entire machine can be divided into sections of the
toroid. Each section can be fastened together
insofar as the vacuum envelope is concerned by using
the access space permitted between the magnet coil
sections. It will be recalled that the heat transfer
blanket piping is an integral part of the vacuum en-
velope. Therefore, each toroid section will consist of

2358.5
10 20

Outer radius of confining magnet r2(f t)

Figure 5. Axial length of reactor vs. outer radius of confining
magnet, for specified values of rb
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a separate coolant loop. The access pipes for this coo-
lant loop will emerge in the allowed space between the
magnet sections and be suitably paralleled externally.

Recalling that the use of relatively small dia-
meter (because of the bremsstrahlung absorption
characteristics) pressure piping in the interior appears
to be necessary, the use of relatively short coolant
flow lengths to a larger manifold would be desirable
in any event. One of the really critical design points
will be the elimination of hot spots inside the heat
transfer blanket.

A possible choice for the magnet coils would be to
wind them with square pipe with the interior walls
stainless steel clad for corrosion resistance. The
over-all coil-space factor allowing for the magnet
coolant flow and the access spaces between coil sec-
tions can be reasonably estimated at about 0.6. Each
section can now be disconnected after shutdown by a
semi-remote system and moved radially outward
from the machine for replacement or repair.

CONCLUSION
The simple treatment given above indicates that a

D-D reactor may be a relatively efficient power pro-
ducer, even under the severe limitations imposed.
This conclusion is, of course, based upon optimistic
capital cost assumptions which at the present time
cannot be evaluated because of lack of engineering
data. Many of the practical design problems have
been glossed over or completely ignored. Among
these may be mentioned the very difficult problem of
part replacement ; the design of the ion purge system ;
the ignition heating system; the details of the brems-
strahlung shield and vacuum chamber wall; and the
radiation damage incurred. The possibility of develop-
ing a fusion reactor will certainly depend upon the
successful solution of these problems, but it is hoped
that these will be dealt with as the state of the art
advances.
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