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TOKAMAK FOSION RBACTOftS WITH LESS THAN FULL TRITIUH B1EKDIN6

K. Evans, Jr., J. G. Gilligan, and J. Jung

ABSTRACT
A study of commercial, tokaraak fusion reactors with tritium
concentrations and tritium breeding ratios ranging from full
deuterium-tritium operation to operation with no tritium breeding
is presented.

The design basis for these reactors is similar to

those of STARFIRE and WILDCAT.

Optima operating temperatures,

sizes, toroidal field strengths, and blanket/shield configurations
are determined for a sequence of reactor designs spanning the
range of tritium breeding, each having the same values of beta,
thermal power, and first-wall heat load.

Additional reactor

parameters, tritium inventories and throughputs, and detailed
costs are calculated for each reactor design.

The disadvantages,

advantages, implications, and ramifications of tritium-depleted
operation are presented and discussed.
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I. HmODOCTIOH
The two commercial, tokamak, reactor studies, STARFIRE1 and WILDCAT,
represent the extremes of a continuum of possible reactor designs parameterized by the relative tritium content, r T - n"D/nT, of the plasma.

STARFIRE has

r T » 1.0, the choice which optimizes the plasma performance given that sufficient tritium can be bred and extracted from the blanket to maintain this
value.

WILDCAT has r T - 4.8 x 10~ 3 , the value that naturally occurs for a

Cat-D device where no tritium is bred.

In WILDCAT all of the tritium produced

by the reaction, D + D + p + T, is eventually burned in the plasma, either
before it diffuses out or after it is reinjected. A summary of important
parameters for STARFIRE and WILDCAT is shown in Table I.

TABLE I
Comparison of Steady-State D-T and Cat-D Reactor Designs
STARFIRE

WILDCAT

Fuel cycle

D-T

Cat-D

r T - n T /n D

1.0

4.8 x 10~ 3

Major radius, m

8.58

Aspect ratio

7.0
3.6

Peak toroidal field, T

11.1

14.35

Plasma toroidal average beta

0.067

0.11

Average electron temperature, keV

17.3

30.0

Plasma current, MA

10.1

29.9

Thermal power, GW(thermal)

4.0

Net electric power, MW(electrical)

1200

Tritium Inventory, g

11,400

2.9
810
45

Normal tritium release, Ci/d

13

0.31

Cost of electricity, (1980) miils/kWh

35.1

62.8

3.25

STARFIRE and D-T reactors in general have the advantages of higher power
density, lower nx for ignition, and lower plasma temperatures, leading to a
more attractive reactor with a lower cost of electricity.

WILDCAT and Cat-D

reactors eliminate the problems associated with breeding tritium and have
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greatly reduced tritium inventories and tritiun releases.

In addition, the

inboard blanket/shield can be made thinner and somewhat higher neutron energy
multiplication can be obtained.

It is interesting to look at reactors with

intermediate values of r T for several reasons:

First, it may not be possible

to breed, extract, and reinject sufficient tritium to maintain r^. • 1.

Such a

tritium system, even though it is indicated in most D-T reactor designs, is a
far from demonstrated fact.

For example, liquid lithium and lithium alloy

blankets must deal with safety, corrosion, and pumping problems, and tritium
breeding and extraction may be difficult for solid breeders.

One, hence, may

be forced to values of r T < 1, especially in near-term designs.

Second, it is

useful to determine the extent of the penalty one pays for breeding lesser
amounts of tritium.

Third, examination of the intermediate cases results in a

better understanding of both the D-T and D-D cases and the factors which distinguish them.
The purpose of this study is to examine a number of intermediate cases
between and including a D-T reactor (as much as possible like STARFIRE) and a
Cat-D reactor (as much as possible like WILDCAT.)

Relatively detailed design

parameters have been developed so that reasonably accurate costs can be determined.

The reactor subsystems have been modeled in such a way that their

important parameters can be scaled to a large extent from STARFIRE and WILDCAT
using a consistent set of design philosophies and assumptions.
Previous work has been done by Greenspan-* on the concept of adding
tritium to a Cat-D plasma (tritium-assisted operation) in order to reduce the
ignition requirements and increase the fusion power density.

However, the

results were generic in nature and details of the full reactor designs were
not undertaken.

Conn^ and Cohn-* have also noted that there may be a continuum

of reactors with r T < 1 between D-T and Cat-D.
The choice of a standard set of parameters for the reactor designs is discussed in Sec. II, and the calculational methods are described in Sec. III.
Section IV discusses the relationship between the tritium concentration, rT, and
the breeding ratio, the determination of the optimum operating temperature and
the blanket/shield characteristics for specific values of rT, and a description
of the nine reference design points covering Cue range from full to no tritium
breeding.

Tritium inventories and throughputs are covered in Sec. V, and a cost

analysis is presented in Sec. VI, with a summary and major conclusions of the
study being listed in Sec. VII.

-4-

II.

RBACTOft DESIQT CKITEKIA AND DKSIGH T1ADEOFFS

The STARFIRE and WILDCAT tokamak reactor designs are used as the basis
for our study.

However, these two designs are not totally consistent with

each other (with respect to choice of beta, choice of operating temperature,
etc., see Table I ) , and so some standardization has been made. Without standarization the effects of changes In r T (or tritium breeding ratio) can be
masked by inconsistent assumptions.
The first assumption that is made is to choose the average toroidal beta,
et, to be 1UX for all the reactors including the D-T and Cat-D base design
reactors.

The reason for taking a single value for beta is that it is not

felt that beta is a design choice. Any reactor would operate at the highest
practical value of beta, which is not known at this time, and that value
should be about the same for all reactors with similar plasma cross sections
and aspect ratios.

For STARFIRE 6t was 6.7Z and for WILDCAT it was 11%.

Hence, the fusion power density of our D-T reactor is higher than that of
STARFIRE, and that of the Cat-D reactor is somewhat lower than that of
WILDCAT.

Other MHD parameters, such as aspect ratio, safety factor, and

D-shapedness, differ slightly between STARFIRE and WILDCAT. We have chosen a
consistent set of MHD parameters for use in this study.

These include aspect

ratio, A • 3.25; elongation, K • 1.6; D-shapedness, d - 0.2; safety factor,
q(a) * 3.0 and q(0) * 1.0; and pressure profile exponent,« - 1.4.*> These
values are for the most part those of WILDCAT and are felt to be more general
than those of STARFIRE, which were chosen to optimize the lower-hybrid current
drive in that device.

The less D-shaped plasma cross section makes the equi-

librium field coil design easier, and probably does not detract greatly from
the possibility of achieving a high beta.
The heat load on the first wall has been found to be a limiting design
constraint for both STARFIRE and WILDCAT. Hence, we choose the same design
criteria, that all radiation and charged particles emitted from the plasma not
contribute more than 1 MW/m2 to the first wall loading.

As a consequence, the

total first wall loadings (including neutrons) for our D-T and Cat-D designs
are insignificantly different from those of STARFIRE and WILDCAT, respectively.
Total thermal power (plasma plus blanket) has been fixed at 4000 MWt for
our designs. This is the same as for STARFIRE but greater than for WILDCAT

-5-

(2915 MWt). This size plant was chosen for STARFIRE as being that typically
desired by utility companies.1

This assumption is desirable (though not

essential) to facilitate comparison between designs.

It has the effect of

increasing the size of the Cat-D plant relative to WILDCAT.

Other general

guidelines followed for STARFIRE and WILDCAT have also been observed here.
These Include the assumption of steady-state operation.
The current drive method has been assumed to be relativistic electron
beams (REB) as postulated for DEMO.7 An REB system is predicted to be highly
efficient and does not heat the plasma significantly in order to drive the
current. There is some preliminary experimental evidence supporting REB
current drive, but like all current drive schemes, it should be considered as
requiring further research to establish its credibility.
STARFIRE used a
lower-hybrid-wave, current drive, which is too inefficient for a D-D reactor,
and WILDCAT used Alfven waves, which are more efficient but also more speculative, for current drive. The REB system, if its potential is realized, would
be more attractive for both these reactors. The alternative to a steadystate, current driven reactor is a pulsed, ohmically-driven device, which has
many disadvantages, including significantly higher cost due to the large power
supplies and required thermal storage as documented in the WILDCAT study.^
The impurity level of beryllium (from the pumped limiter) in the plasma
has been set at 3% as was used in the previous designs. For the most part all
other systems have been assumed to be similar to STARFIRE and WILDCAT, involving parameters intermediate to the two designs.
Shown in Table II is a listing of some of the major design tradeoffs one
is expected to observe as r T is decreased from unity (D-T reactor) toward a
low value corresponding to operation in a Cat-D mode.

These, in general, are

the same design advantages and disadvantages observed for WILDCAT when compared to STARFIRE.

One of the major contributions of this study is to deter-

mine quantitatively where the tradeoffs occur.

One of the important positive

effects of a reduced tritium concentration is the ability to have a less thick
inner blanket/shield.

This was shown to be very beneficial in the design of

WILDCAT (a 1-cm decrease in thickness resulted in an increase of ~1% in thermal power).

In addition, with a lower required tritium breeding ratio one can

increase the neutron energy multiplication by using materials which enhance
this property (e.g. steel rather than lithium.) Thus while -40% of the total

fusion power from a Cat-D plasma is from neutrons, the blanket energy multiplication in WILDCAT led to a neutron contribution of —52% to the thermal
power.

Perhaps the most important advantage of operating with a reduced

tritium breeding ratio is the resulting reduced tritium inventory.

However,

even for a D-D reactor, the tritium permeates the reactor system and must be
controlled.

The level for which tritium becomes of negligible concern is

still a somewhat open question.

In this report the tritium inventory is cal-

culated as a function of rT, and significantly low values are ncted.
The negative effects of plasma operation with depleted tritium are also
shown in Table II. The most important of these is the reduction in fusion
power density.
main ways:

The resulting power loss can be made up in essentially two

(1) by increasing the toroidal field via stronger magnets or thin-

ner inboard blanket/8hieId (the power is proportional to the fourth power of
the field); and (2) by increasing the plasma size (the power is proportional
to the plasma volume).

The beneficial effects of a thinner blanket/shield and

higher neutron energy multiplication, while helpful, do not significantly restore the lowered power density.

The required increases in magnetic field and

size, then, eventually lead to a higher cost of electricity.

TABLE II
Design Tradeoffs
(Observed when rT - nT/n"p is decreased from D-T toward Cat-D operation.
Total thermal power, wall load, and fJt are fixed.)
Positive Effects

Negative Effects

• Tritium breeding ratio
(decreased)

• Fusion power density
(decreased)

• Inner blanket and shield
thickness (decreased)

• Toroidal magnetic field
(increased)

• Neutron energy multiplication
(increased)

• Plasma size (increased)

• Tritium inventory (decreased)

• Plasma operating temperature
(increased)

• Tritium release (decreased)

• Ignition margin (decreased)
• Required ni (increased)
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III.

METHOD OF ANALYSIS

The same general procedure used to design both STARFIRE and WILDCAT is
followed here.

A profile-averaged, steady-state, reactor analysis code,

TRAC-II, is used to determine the basic plasma parameters. Averages over
specified plasma profiles are used to obtain the global, multispecies, particle and energy balance equations solved by TRAC-II. The averaging is done
over the actual flux surfaces of the MHD equilibrium, and the power and particle balance and the MHD equilibrium are handled consistently.

A charged par-

ticle slowing-down model calculates energy deposited in thermal ions or electrons by superthermal fusion products.
accounted for.

Superthermal fusions are also

A detailed toroidal field coil model is used to size the

toroidal field superconducting magnets.8

The TRAC-II code was also used for

the STARFIRE and WILDCAT designs.
The neutronics analysis for calculation of the tritium breeding ratio and
shielding requirements has employed the one-dimensional code ANISN* with the
S 8 P 3 approximation.

The cross-section libraries for the particle transport*^

and the nuclear response function** used for the analysis consist of 46 neutron
groups and 21 gamma groups.
In addition, a detailed cost algorithm has been used in this study. The
costing is done on the same basis and with the same assumptions as for STARFIRE
and WILDCAT.

The costs obtained should be directly comparable to those obtained

for STARFIRE and WILDCAT.

IV.

A.

RKACTOR DESIGNS

Definition of TBR
We begin by first relating the plasma tritium concentration, r T » n T /n D , to

the required tritium breeding ratio (TBR), which is defined as the net number of
tritons burned in the plasma divided by the total number of neutrons
both 14.06-MeV and 2.45-MeV neutrons) produced in the plasma.

(including

It should be

noted that this definition of tritium breeding ratio is that required by the
plasma and does not take into account any of the details of breeding or extracting tritium from a blanket, nor of reinjecting tritium into the plasma.

It Is

not the same breeding ratio as commonly defined in neutronics studies. For a
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steady-state system in which all the tritium that diffuses out of the plasma is
recycled or relnjected, an approximate expression for the TBR as a function of
r T and the ion temperature is

"T < O T > DT
where <av>DT,

and <ov>n,D are the reactivities for the D-T, D-D (T

<OV>QD,

branch) and D-D (n branch) fusion reactions, respectively.

Equation (1)

assumes a uniform plasma (i.e. Ignores profile effects) and neglects superthermal fusions.

Shown in Fig. 1 is a plot of this expression for the TBR

versus rT for various assumed ion temperatures.
until r T becomes less than ~0.05.

Ine TBR is fairly constant

The value of r T must be less than 0.1 (for

T± < 40 keV) before the TBR is less than <0.9. Alternately, it could be
stated that rT is a very sensitive function of TBR for high-values of the
TBR.

Unfortunately, because of this behavior a relatively small decrease In

TBR near TBR • 1.0 results In a significant decrease in D-T fusion power
density in the plasma.
Several other features of Fig. 1 should also be noted.

For a 50-50 D-T

plasma (rT * 1), the value of the TBR can be seen from Eq. (1) to be slightly
less than unity (TBR * 0.9944, at T^ «• 7 keV). The reason is that a small
number of tritons and a small number of neutrons are produced in the plasma
from D-D reactions.
unity.

If D-D reactions were ignored, the TBR would exactly be

For the case of Cat-D for which the TBR is zero, the value of r T is

seen to be a function of T±.

(For WILDCAT r T - 4.8 x 1(T"3.) Actual value9 of

TBR versus rT as used in the remainder of this paper also account for the temperature and density profile effects and ouperthermal fusions which are not
Included in Eq. (1). The criteria for determining an optimum plasma operating
temperature as a function of r T is discussed in the following paragraphs. The
actual values of TBR versus rT for the designs considered fall within the
envelope of lines in Fig. 1 for 10 k e V £ T± £ 50 keV.
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rT = n T /n c
Fig. 1. Approximate expression for the tritium breeding ratio
as a function of tritium concentration.

B.

Determination of Operating Temperature
The optimum temperature at which to operate a reactor is a somewhat sen-

sitive and complicated function of rT.

A D-T reactor, for example, typically

has a minimum ignition temperature near 4 keV, and the plasma fusion power
density peaks near 7-8 keV.

STARFIRE, on the other hand, was designed with an

electron temperature of 17 keV.

The reason was that at this temperature the

lower-hybrid-wave current drive ±a significantly more effective, modifying the
desire to achieve maximum power density. For the more efficient REB current
drive assumed in this work, however, it should not be necessary to choose a
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temperature much different from that for which the power density is a maximum.

For WILDCAT, the highest power density occurs at the minimum temperature

for ignition (~25 keVj.

(The ultimate power density peak, based on the maxi-

mum of the reaction rates, would occur at a lower temperature if ignition
could be achieved there.) Consequently, WILDCAT is operated at a temperature
of 30 keV, a few degrees above the minimum to provide a safety margin for
operation.
These average temperatures depend on the density and temperature profiles.
The temperature profile exponent, O p has been taken to be 1.1 and the density
profile exponent, o^, has been taken to be 0.3.

This corresponds to a sharp

temperature profile and a broad density profile, and the two are consistent
with the fairly broad pressure profile, which has been choosen to optimize the
achievement of high beta.

(These choices are in lieu of determining the pro-

files with a transport code, a procedure that cannot be performed accurately
until the relevant transport coefficients are known.)

Definitions and further

discusson of the effect of different profiles are treated in Refs. 2 and 12.
It should be noted that the above choice of profiles is different from those
for both STARFIRE and WILDCAT but is thought to be a realistic choice.
The minimum temperature for ignition and the temperature for which the
peak power density occurs have been determined as a function of r^>. Typically
the minimum temperature increases as r T decreases, and below some value of rT,
the maximum power density is coincident with the minimum temperature.

If all

3

of the He that diffuses out is lost, then there is a minimum value of r T below which ignition does not occur.

If a reactor with a lower value of rT is

3

desired, some of the He must be reinjected.

WILDCAT falls in this category,

3

and a discussion of the reinjection of He is presented in Ref. 2.
The behaviors of the minimum electron temperature for ignition and the
electron temperature for which the power density peaks are shown in Fig. 2.
(The ion temperature is typically slightly higher than the electron temperature. ) Two cases are considered, one in which no 3He is reinjected but 75% of
the 3He diffusion flux is assumed to recycle naturally at the wall (see Ref. 2
for a discussion of the recycling/diffusion model) and another in which all
the 3He that diffuses out is reinjected.

The first case corresponds to a net

recycling coefficient, R 3 - 0.75, and the second, to R 3 » 1.00.
3

Even though

reinjecting the He is beneficial at low values of rT, it is deleterious for
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MIN. T e FOR IGNITION
Te FOR MAX. POWER DENSITY
OPERATING T e
|

20

10 = 0.75

I02

1011

I03

= nT/n0
Fig. 2.

Reactor temperatures as a function of r^. The minimum temperature
for ignition, the temperature for which the power density peaks, and
the operating
temperature
for this study are shown. Catalyzation
pg
p
3
1) is necessary for low values of r , but
with respect to He (R3
undesirable for values near unity. R3 - 0.75 represents the wall
recycling to be expected even if no 3He is reinjected.

values of r T close to unity. In the latter cases the power density is higher
and the optimum temperature is lower for a given value of r T than if the 3He
is removed. The problem of the 3He as ash overrides its benefit as a fusion
fuel. It can be noted that it is always advantageous to reinject any tritium
that diffuses out, and the net tritium recycling coefficient, R>p, is consequently always taken to be unity.
It can be seen from Fig. 2 that there are three regions to be considered
in the r T dependence of the temperature. In Region I with 1.0 <_ r T < 0.1 one
would want to operate with 3He removal at the temperature for which the power
density peaks. This is typical of a D-T reactor. In Region III with 0.01 <
r T one would like to reinject all the 3He and operate at a temperature as
close as possible to the minimum temperature for ignition. This is typical of

-12-

a Cat-D reactor.
tlon region.

The intermediate Region II with 0.1 < r T < 0.01 Is a transl-

The peak power density occurs near the minimum temperature for

ignition and reinjection of the 3H» is becoming necessary.
3

(It can be noted

3

that if one wants to divert He for "clean" D- He satellite reactors,^ then
r T must be in Region I or II.
For the purposes of this study the operating temperature as a function of
r T has been taken to be the temperature for which the power density peaks or
2-3 keV above the minimum temperature for ignition, whichever is larger. The
reactors are catalyzed in 3 He, that is R3 is made unity, if necessary, but not
otherwise, except that both catalyzed and uncatalyzed cases are Investigated
near the cross-over point, r T ~ 0*03. The chosen operating temperatures are
shown in Fig. 2.
C.

Determination of Blanket/Shield Characteristics
The blanket/shield parameters which most affect the overall reactor design

are the inboard blanket/shield thickness, A _, and the two neutron energy multiplications, ejt, Qg and £2 4 5*

It is desirable to reduce the inner blanket/shield

thickness in order to achieve a lower magnetic field, B T F C , at the coils for the
same field in the plasma. Higher neutron energy multiplication results in more
power for the same device.

If the power and wall loading are fixed, the result

is smaller size but a higher field at the plasma which yields a net cost
advantage.
The geometric layout of the Inboard blanket/shield is shown in Fig. 3.
The inboard shield thickness varies depending on the neutron wall loading.
The quantity, 5^ , is defined to be the distance between the peak field position in the inboard toroidal field magnet and the first-wall surface.

It in-

cludes some of the magnet structure and also the first wall. The outboard
blanket/shield is configured similarly to Fig. 3 except that the shield has a
fixed thickness of 150 cm and the blanket has a fixed thickness of 70 cm
divided into a breeding portion with thickness depending on the required TBR
and a nonbreeding portion made of PCA stainless steel comprising the rest.
The breeding portion is closest to the plasma.

The composition of the various

blanket/shield regions is shown in Table III. The breeding is done only in
the outboard blanket, and both liquid lithium (Li) and solid (U.2O) breeders
are considered.

STARFIRE, which used a LiA10 2 blanket, ^ioag with a neutron

FIRSTWALL
CO
CO

MAGNET

SHIELD

BLANKET

30
PEAK FIELD
POSITION

Fig.

3.

Geometric configuration of the inboard blanket/shield.
The shield thickness is variable.

PLASMA
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TABLE III
First-Wall/Blanket/Shield Model
I n s i d e (10% of t o t a l v o l u m e ) :
First wall

1 cm

65% PCA + 35% H2O

Blanket

30 cm

90% PCA + 10% H2O

Shield

x cm

15% F e - I 4 2 2 + 15% TiH 2 + 10% BkCa
+ 55% Wa + 5% H2O

Outside (90% of total volume):

1 cm

65% PCA + 35% H20

Lithium case

y cm
(70-y) cm

10% PCA + 90% U b
90% PCA + 10% H20

LI2O case

y cm
(70-y) cm

10% PCA + 80% L1 2 O C + 10% H2O
90% PCA + 10% H2O

First wall
Blanket

150 cm

Shield
a

95% theoretical density (T.D.).

b

100% T.D., natural lithium.

c

70% T.D., natural lithium.

60% Fe-1422 + 35% B 4 C a + 5% H2O

multiplier, required breeding in the inboard blanket, but such a ternary
breeder design is not considered in this work.
It is recognized that the use of water coolant in the lithium blanket is
almost certainly not feasible.
the study was completed.

This oversight was not recognized until after

A blanket design with a more compatible coolant

would change some of the results for lithium somewhat, but should not impact
the trends or major conclusions of the study.
The absorbed nuclear dose in the epoxy insulation of the toroidal magnets
is shown in Fig. 4 as a function of the inboard shield thickness (including
the magnet dewar), A . Given the reactor neutron wall loading, the required
shield thickness can be determined from the information in Fig. 4.

It is

assumed that the plant life is 40 yr with a 75% availability and that the maximum allowable dose in the insulation is 10 1 0 rad.
sistent with those for both STARFIRE and WILDCAT.
reactors with a fixed heat load on the wall.

These assumptions are conThis study has examined

In this case the neutron wall
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CM

O.I

Fig. 4.

0.2
0.3
0.4
0.5
0.6
INBOARD SHIELD THICKNESS,m

0.7

Absorbed nuclear dose in the epoxy insulation for the
toroidal field magnets. (The numbers 1-9 refer to
values used in the specific reactor designs.)

-16-

load depends mainly on plasma characteristics associated with a given tritium
concentration and given recycling of 3He.
magnetic field of the reactor.
function of r T and R3.

It does not depend on the size nor

Consequently, the shield thickness is a unique

(Other parameters, such as impurity concentration,

which could affect the plasma characteristics are not varied here.)
Figures 5 and 6 show the TBR as a function of the thickness of the breeding portion of the outboard blanket for both breeder materials.

The different

cases correspond to specific values of r T and R3 to be discussed in Sec. IV.D.
The TBR is also uniquely determined by r T and R3, so the required thickness of
the breeding blanket as a function of r T and R3 can be determined from the
information in Figs. 5 and 6.

These calculations indicate that both lithium

and Li2O systems can yield sufficient TBR's solely in the outboard sections
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Fig. 6.

Tritium breeding ratio obtained with a given outboard
breeding blanket thickness - Iii2O breeder.

without the inboard breeding. Therefore, the inboard blanket for all the
cases examined is composed of an identical composition of '90% PCA + 10% H 2 0)
in the region with the 30-cm thickness.
It should not be concluded that it is certain that reactors can be
designed without inboard breeding. Such a conclusion is not established at
this time. In particular, more extensive, three-dimensional neutronics calculations give more pessimistic results for tritium breeding than the onedimensional calculations appropriate for a survey study of this sort. It has
been decided, however, to make the blanket model consistent with the calculations that have been used. This design results in constant inboard energy
deposition rates of E l l 4 > 0 6 - 20.20 MeV per 14.06 MeV source neutron and E 2 i»5
» 10.21 MeV per 2.45-MeV source neutron. Figures 7 and 8 show the energy
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deposltlon In the outer blanket/shield as a function of the thickness of the
breeding zone part of the blanket for both blanket materials. Combining these
results with the Inboard energy deposition rates mentioned aboves one can
determine the respective energy multiplication factors, e ^ 0 6 a n d e 2 45' ^ or
the 14.06-MeV and 2.45-MeV sources.
D.

Specific Reactor Designs

Reactor parameters have been calculated for nine specific designs with
tritium concentrations ranging from unity to 4.2 x 10~ 3 , corresponding to
TBR's from near unity to zero. For each of these designs two types of breeder
blankets have been considered: liquid lithium (Li) and lithium oxide (Li20).
In order to have a consistent basis for comparison, all of the reactors have
been taken to have: (1) a toroidal, rms beta of 102; (2) a thermal power, P T ,
of 4 GWt; and (3) a first-wall heat load, P w n e a t (due to radiation and
charged particles) of 1.0 MW/m2. The MHD equilibrium has been held constant
except for simple scaling with R Q and B T F C .
A scrapeoff thickness, Ay, of
0.2 m has been assumed, and the electron temperature has been chosen as described in Sec. IV.B. Values of r T have been chosen to adequately cover the
three regions of interest described in that section. The net 3He recycling
coefficient, R 3 , has been chosen to be 0.75 for r T > 0.03. This is the value
that is expected to occur because of recycling at the wall but with no reinjection of ^ e . 1 ' 2 For r T < 0.03 all the 3He that diffuses out is reinjected,
corresponding to a net recycling coefficient, R3, of unity. For the r^, • 0.03
case both modes of operation are considered. These choices of R3 optimize the
reactor designs except that the choice is not clear around the transition near
r T - 0.03.
The appropriate inside and outside blanket/shield thicknesses, A..- and
A__, and the neutron energy multiplications, e m o 6 ana" E245> a r e calculated
for each case as described in Sec. IV.C. These are shown in Fig. 9.
Table IV shows the specific values of r T chosen for the nine designs
along with other parameters which are determined by r T and which do not depend
on the size and magnetic field.

The temperature from the model described in

Sec. IV.B and the required tritium breeding ratio are shown along with a relative effectiveness parameter, 3P, which is an indication of the loss in fusion
power due to operation at lower values of r T .
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TABLE IV
Tritium Concentrations Used for the Specific Designs and Related Quantities
T

rT

Design

R3

e
(keV)

TBR

&

nDxE

n p /n D

( 1 0 2 0 s/m 3 )

(Z)

5

3/5D
(Z)

V5D
(Z)

*w,aeut
(MW/m3)

1

1.0

0.75

7.0

0.99

1.00

0.9

0.007

0.003

1.0

4.0

2

0.3

0.75

7.4

0.98

0.71

1.9

0.02

0.008

0.8

4.0

3

0.1

0.75

7.8

0.94

0.33

5.9

0.06

0.03

0.9

3.9

4

0.05

0.75

9.8

0.89

0.18

11.1

0.18

0.08

1.3

3.7

5

0.03

0.75

13.0

0.81

0.10

17.7

0.49

0.21

1.9

3.5

6

0.03

1.00

17.5

0.78

0.05

13.1

1.2

18.

2.2

2.2

7

0.022

1.00

18.7

0.70

0.04

16.0

1.7

16.

2.2

1.8

8

0.01

1.00

21.9

0.40

0.02

21.9

2.9

14.

2.0

1.1

9

0.0042

1.00

24.0

0.

0.01

27.1

4.1

12.

1.7

0.6

ro
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-23The quantity, £f, Is defined as follows. First, an effective reactivity,
"<ov>", is defined from:
PF

= n2"<ov>" E O T V p ,

(2)

where PF is the fusion power from the plasma (not including blanket neutron
energy multiplication), n D is the average deuteron density, E D T is the energy
release (17.6 MeV) for the D-T reaction, and Vp is the plasma volume. An
effective temperature, T, is defined from:

B

B

to

to

where p is the average plasma pressure, and B t
center o

c

the plasma.

is the magnetic field in the

The quantity T contains the effects of pressure of all

the thermal and superthermal particles. The fusion power is then given by:

U2k2T2
and the relative effectiveness, §R, is the value of "<ov>"/T2 relative to its
value for the D-T reactor:

(5)

T2

DT
The importance of «9P is that Pj. is proportional to tiijQjjft* atu* & represents
the loss in fusion power that results from lowered values of r T . The loss
occurs because of reduced reactivities, increased temperatures, and increased
amounts of fuel other than deuterium and tritium. From Table III, for example
it can be seen that in some sense a Cat-D plasma is only ~l% as effective for
power production as a D-T plasma. Some of the loss indicated by^f can be made
up by thinner blankets and greater neutron energy multiplication.
Also shown in Table IV are the electron energy confinement parameter,
n_.T_, the relative concentrations of the plasma components, and the neutron
D E
_
wall load. The value of n n t F required for ignition increases rapidly as r^ is
decreased, but the confinement required is still less than that predicted by
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emplrlcal scaling*"* for all the reactor designs considered.

The amounts of P

3

and He are nearly proportional to n t and also Increase aB r T decreases.
The cases with R3 - 1.0 have substantially more 3He.

Finally, It can be seen

that the neutron wall load and hence the total wall load are strongly reduced
as r T decreases.

In general, for a reactor that Is first-wall heat-load

limited, less power is produced when there are proportionately more charged
particles, so that a lower neutron fraction is a disadvantage.
After the above parameters are determined, the required major radius, RQ,
and the required peak toroidal field, B^ FC , which give the desired thermal
power and wall load can be calculated.

These two parameters most obviously

distinguish the designs from each other.

The major radius is shown in Fig. 10

and the peak field, in Fig. 11 for both types of breeder material.

It can be

seen there is little difference between the two types of breeder material, the
lithium case being slightly smaller but having slightly higher field.
Also shown in Figs. 10 and 11 are the values of the major radius and
field if all of the 3He were recycled for all values of the tritium concentration.

It can be seen that recycling the 3He is disadvantageous, resulting in

both larger size and higher field, provided r_, > ~0.04.
3

The disadvantage of

the He as ash outweights its merit as a fuel for these cases.

On the other

3

hand if the He is not recycled, operation below r T ~ 0.02 is not possible.
There is not enough fusion heat produced to satisfy the power balance for the
electrons. Adding 3He is effective for heating since the D-3He reaction products are both charged and energetic (18.34 MeV). In general, catalyzation is
necessary below r T on the order of one percent.

The exact value of r T depends

on such factors as impurity content in the plasma, fraction of cyclotron radiation reflected, and the diffusion and recycling rates of all of the particles.
It can be seen from Fig. 10 that the reactor size, which is the predominant determinant of the reactor cost, is relatively insensitive to tritium
concentration until catalyzation is necessary.

It then increases rapidly.

The major effect of operating at reduced tritium levels is an increase in the
required toroidal field as long as catalyzation is not necessary.

10

I0"1
I0' 2
TRITIUM CONCENTRATION
Fig. 10. Major radius as a function of tritium concentration for
fixed thermal power and first-wall heat load.

10'
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o
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TRITIUM CONCENTRATION
Fig.

11. Peak toroidal field as a function of tritium concentration
for fixed thermal power and fixed wall heat load.
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V. TRITIOf CONSIOKSATIONS
The major advantage of WILDCAT over STARFIRE was its greatly reduced
tritium inventories and throughputs, nearly two orders of magnitude less than
the STARFIRE values.

Figure 12 shows how the amounts of tritium that are be-

ing transported through the reactor vary as a function of tritium concentration.

In this figure the plasma exhaust is the amount of tritium leaving the

plasma (the difference between the diffusion rate and the reflection rate).
The tritium burnup is the total burnup rate of tritium via the D-T reaction
including superthermal fusions.

This tritium comes from tritium production in

the plasma via the D + D ••• p + T reaction and from fueling of tritium.

The

fuel throughput consists of the bred tritium and the reinjection of tritium
that has diffused out of the plasma and not been reflected at the wall.
It can be seen that the t icium burnup rate remains relatively constant,
falling off somewhat after catalyzation is necessary. As a consequence, for
all of these reactors (and as was true for WILDCAT) the bulk of the power
still comes from the D-T reaction. The tritium production rate in the plasma,
which is negligible for a D-T reactor, increases as the D-b reactions become
more important, eventually equaling the burnup rate at the value of r^. that
can be supported without breeding tritium. The fuel throughput and plasma
exhaust, the tritium which has to be handled in the plant, decrease sharply
and steadily as rrj. decreases.
One can define two categories of tritium stored in the reactor. The vulnerable inventory consists of tritium which is most subject to accidental
release. For this paper this vulnerable tritium is assumed to consist of (1)
5 h of exhaust in the vacuum pumps; (2) 1 h of fueling plus 1 g holdup in the
fueling system; and (3) 12 h of residence time in the blanket processing system. The nonvulnerable inventory, which is not readily released, consists of
(1) 2 days of burnup (plus 2 days of exhaust for the catalyzed cases) for
fueling; (2) 1 day of residence time in the blanket for lithium and 10 days
for Li20; and (3) 3 h of residence time in the fuel processing system. This
model reproduces the STARFIRE and WILDCAT values reasonably well, although the
nonvulnerabla holdup in the blanket was assumed larger at the time STARFIRE
was designed and more frequent valve replacement was utilized to reduce the
vulnerable inventory. It can be noted that even though the blanket inventory
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Fig. 12. Rates of tritium burnup, production, exhaust, and fueling.
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is larger If the residence time In the blanket Is longer, the Inventory Is
less vulnerable.

The vulnerable and nonvulnerable Inventories are shown In

Fig. 13. They also decrease sharply and steadily with rT.
VI.

COSTING

It Is difficult to make unequivocal statements concerning fusion reactor
costing at this stage in the development of fusion, because there are so many
unknown factors. On the other hand, almost all design choices are ultimately
made on the basis of cost effectiveness.

It is hence important to think about

the impact of costing on reactor design, even though the conclusions may not
be hard and fast and will almost certainly change as the study of fusion
progresses.
The cost model used in this study has been designed to use the costing
assumptions and procedures that were used for STARFIRE and WILDCAT.

For com-

parison purposes the costs are given in constant, 1980 dollars, the same as
presented in those studies. A detailed description of the guidelines, procedures, and breakdown of the cost accounts is given in Refs. 1 and 2. A more
extensive description of the cost model is given in Ref. 16.
For the purposes of this study it is desirable to have a parametric cost
model that is valid for a wide range of reactors. The cost model used is
based on simple scaling formulas for each cost account with STARFIRE taken as
the base point.
WILDCAT.

Scaling laws have been found, however, which also reproduce

Having a model which is normalized to these two substantially dif-

ferent cases should insure a good degree of validity for a wide range of reactors with similar types of reactor subsystems.
The basic model matches STARFIRE identically and matches most cost
accounts of WILDCAT to better than ten percent.

The only less than satisfac-

tory match is for Account 22.01.07, Power Supplies, Switching, and Energy
Storage, which Is calculated to be nearly twice the actual WILDCAT value. The
discrepancy is due to a substantially more cost-effective design in WILDCAT;
in particular the use of two power supplies for different parts of the EF current ramp and longer startup and shutdown times. Since these features represent real improvements, a modified model is used in this paper with the EF
power supplies scaled from WILDCAT.
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The RF heating and current-drive methods are different for STARFIRE and
WILDCAT and both are also different from the REB current-drive method In this
report. Accordingly the costing for this system is scaled to DEMO' for the
REB system.
A comparison of the basic and modified cost models with the actual
STARFIRE and WILDCAT costing is shown in Table V for the interesting cost
accounts.

The total costs and cost of electricity (COE) are matched to about

one percent or better, well within the accuracy of the actual costing.
The costs for the reactor designs considered in this paper are shown in
Fig. 14 for the lithium case. The Li 2 0 case is little different. The toroidal coils are sized by allowing 1 m between the outer shield and the magnets.
Toroidal field ripple requirements have been ignored. Both the total plant
cost and the cost of the reactor alone are shown in Fig. 14 as well as the
cost of electricity. The costs do not increase rapidly as the tritium concentration decreases until catalyzation becomes necessary. After that point the
costs begin to increase rather sharply. The balance-of-plant costs remain
relatively constant, so that the higher cost is driven by the larger-sized and
higher-field reactor.
Because of the assumption of higher beta, the total plant cost and the
cost of electricity for the D-T reactor (Design 1) are less than for
STARFIRE. The total plant cost of the D-D reactor (Design 9) is higher than
that of WILDCAT because the assumed beta is lower. The cost of electricity
for the D-D reactor is, however, lower than for WILDCAT. The reason is that
the net electric power has increased more than the cost. The cost of electricity, in general, decreases as the thermal power is increased, &. •* the D-D
reactor in this study has a thermal power of 4 GW compared to 3 GW for WILDCAT.
From the cost curves it would appear that a catalyzed reactor is always
more costly than an uncatalyzed reactor (as long as the uncatalyzed mode is
possible). In addition, the use of a lithium or lithium oxide blanket seems
to make little difference in the cost.
The overall conclusion is that it would appear that there is little cost
penalty for operating in a tritium-depleted mode down to a tritium concentration of approximately 0.1 or TBR of approximately 90%. This conclusion is a
result of two facts: (1) under the restrictions of this study the major

TABLE V
Costing Model Results for STARFIRE and WILDCAT.
Costs are in 1980 M$ unless noted.
Basic Model
Account

Title

STARFIREa

Modified Model

WILDCAT

20.
21.

Land

22.

Reactor equipment
Blanket/first wall
Shield
Magnets
RF heating/current drive
Structure
Vacuum
Power supplies
Impurity control
ECRH breakdown

968.62
82.36
186.07
171.57
33.49
52.74
4.86
52.90
2.45
1.82

1522.14
148.41
334.21
342.01
34.88
121.02
11.50
62.06
3.07
9.45

Turbine equipment

249.68

Electric equipment
Miscellaneous equipment
Special materials

Structures
22.01.01
22.01.02
22.01.03
22.01.04
22.01.05
22.01.06
22.01.07
22.01.08
22.01.09

23.
24.
25.
26.
90.

99.

a

3.30
346.58

STARFIRE

3.30

3.30

346.58

346.58
941.67

WILDCAT
3.30
346.58

WILDCAT
Actual
3.30
346.59

82.36
186.07
171.57
33.49
52.74
4.86
29.86
2.45
2.82

1490.13
148.41
334.21
342.01
34.88
121.02
11.50
34.70
3.07
9.45

205.76

249.68

205.76

117.28
40.77

110.95
40.77

227.29
40.77

110.95
40.77

111.08

0.25

0.25

0.25

0.25

0.25

Total direct cost
Total cost

1726.48
2400.27

2229.75
3099.95

1699.54
2362.82

2197.74
3055.45

2212.89
3076.51

Net electric, MW(electrical)
COE, mills/kW(elecrical)

1202.

803.
62.7

812.

These are the same as the actual STARFIRE figures.

35.1

803.
63.5

1202.
34.6

1496.63
132.23
352.50
352.66
34.88
115.13
8.68
32.20
3.07
15.60
215.38
39.66

62.8
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effect of a decrease in r^ near r T » 1 is an increase in the toroidal field;
and (2) the cost model does not show a strong dependence on toroidal field,
consistent with the STARFIRE/WILDCAT costing, on which a credible amount of
effort has been spent.
Because of the strong dependence of the reactor power on the magnetic
field in the plasma, it seems to be a general rule that factors which tend to
degrade the power density (such as reduced tritium fueling) can often be compensated for by relatively small changes in the peak toroidal field.

(Simi-

larly, increases in the power density, for example by the use of polarized
fuels,17 only lead to relatively minor decreases in the peak field.) Such
increases would be cost effective as long as the costs of increased magnetic
field do not increase too quickly with field.
It is not possible to determine all of the cost implications of higher
field in a study of this scope.

It can be noted, however, that it would take

a substantially stronger dependence of cost on magnetic field to seriously invalidate the above conclusion.

The reason is that the affected costs do not

dominate the overall cost as does, for example, a change in the major radius.
In addition, even for r T - 0.05 or TBR - 89Z, the field is 12.8 T.

This value

is not so far from the STARFIRE value to expect the costing to be invalid.
On the other hand, the assumption of very efficient, REB, current drive
may cause the impact of the higher plasma currents associated with the higher
fields to be underestimated.

Further, all of the problems associated with

higher field are difficult to quantify, and may not be adequately represented
in the costing.

Impact on the plant availability, for example, can be very

costly.
It should also be noted that this study has not adequately dealt with the
problem of reduced breeding effectiveness, for example by keeping the same
blanket and examining varying amounts of tritium production.

This issue is

treated in Ref. 18.

VII.

SOOfART AMD CONCLUSIONS

A sequence of reactors covering the range from full tritium breeding to
no tritium breeding has been presented.

Apart from the plasma tritium concen-

tration these reactors have a consistent design basis. In particular they all
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have a plasma beta of 10Z, a thermal power output of A Gtf, and a heat wall load
of 1 MW/m2.

They are all steady-state tokamaks with an efficient, relativistic-

electron-beam current drive.
The optimum operating temperature, defined as the temperature at which
the power density peaks or a few keV above the minimum temperature for ignition whichever is larger, has been found as a function of tritium concentration.

This temperature increases from 7 keV for full D-T operation to 24 keV

when there is no tritium breeding.

These average temperatures depend on the

shape of the temperature profile and would be different if different profiles
were chosen.

The peak temperature would remain relatively constant.

Reinjection of the 3He produced in the plasma is deleterious for high
tritium concentrations, but is necessary if ignition is to be obtained below a
tritium concentration on the order of 10"~2 corresponding to breeding ratios
below ~50%.
For operation with tritium concentrations above the point where reinjection of the 3He is necessary, the inner blanket/shield thickness is relatively
constant, and no major increase in the neutron energy multiplication is seen.
Below r T ~ 0.03 the inner blanket/shield thickness decreases, and a strong
enhancement of the 2.45-MeV neutron energy multiplication and a lesser enhancement of the 14.06-MeV neutron energy multiplication begins to occur. These
improvements do not, however, make up for the reduced effectiveness,^?, of the
fusion reactions.
Since the plasma beta, the thermal power, and the heat wajl load are
fixed, the major characteristics distinguishing the reactors with different
tritium concentrations are the size and magnetic field.

The size stays

roughly constant (near 6 m) down to the point where reinjection of the % e
becomes necessary, then increases rapidly.

The magnetic field increases

steadily until the point where reinjection becomes necessary then remains
relatively constant (near 14 T ) . The actual values of the size and field
depend, of course, on the value of the plasma beta.
The tritium inventories and throughputs decrease steadily as the tritium
concentration is decreased, approximately proportionately to r<p«

These

reduced amounts of tritium are the major benefit of operation at low values of
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The cost of the reactor, the total plant cost, and the cost of electricity Increase slowly until the point where relnjection of the 3He Is necessary,
then begin to Increase more rapidly.

The total cost of the nonbreeding plant

Is about twice that of the full D-T plant; the cost of the reactor alone Is
about three times as large; and the cost of electricity is a little more than
twice as large.
There appear to be three distinct regions of interest as far as tritium
concentrations or tritium breeding ratio is concerned. For r T £ 0,1, which
corresponds to TBR £ 94Z, the reactors are similar to a full D-T reactor. The
3
He would not be reinjected; the maximum in the power density is above the
minimum temperature for Ignition; the size is nearly constant although the
magnetic field is increasing; and the reactor cost as well as the cost of
energy, which depend most strongly on size, do not vary greatly. This could
be considered the region of slightly-deteriorated, D-T operation.
For ri> £ 0.01, which corresponds to TBR £ 40!K, the reactors are more similar to a D-D reactor such as WILDCAT.

Reinjection of % e Is necessary; the

maximum in the power density falls below the minimum temperature for ignition,
which is relatively high; the size is increasing strongly while the magnetic
field is already large; and both the cost and cost of energy are increasing
rapidly.

This region is much less attractive from most points of view,

although it does have the benefit of reduced tritium inventories and thoughputs.

The deteriorated operation is a result of the fact that the effective-

ness of the fusion reactions has become less than 2% of that of a full D-T
plasma.
The intermediate region with 0.1 < r T < 0.01, corresponding to tritium
breeding ratios in the range of 40-90%, is a transition region. Reinjection
of 3He is becoming necessary, the operating temperature is rising, the size is
increasing, the magnetic field is already high, and the costs are beginning to
increase strongly. The effectiveness of the fusion reactions is less than
one-third that of a full D-T plasma, and is beginning to decrease rapidly. In
addition, the margin for ignition is beginning to decrease, and the required
confinement is already nearly an order-of-magnitude above that of a full D-T
reactor.
There hence appears to be incentive to provide sufficient tritium breeding to avoid penetrating too far into the transition region, but perhaps les-
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ser incentive to achieve full D-T operation.

Less than full tritium breeding,

however, implies increased technology requirements, especially in connection
with higher magnetic fields and the attendant higher stresses and with higher
currents in the plasma and poloidal coils.
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