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TRITIDM CATALYZED DEUTERIUM TOKAMAKS

Ehud Greenspan and George H. Milley
J. Jung and J. Gilligan

ABSTRACT AND SUMMARY

A preliminary assessment of the promise of the Tritium Catalyzed Deute-
rimm (TCD) tokamak power reacters relative to that of deuterium-tritium (D-T)
and catalyzed deuterium (Lat-D) tokamaks 1s undertaken. The TCDP mode of
operation is arrived at by converting the 3He from the D(D,n)3Be reaction inte
tritium, by neutron capture in the blanket; the tritium thus produced is fed
into the plasma. There are three main parts to the assessment: blanket
study, reactor design and economic analysis and an assessment of the prospects
for improvements 1n the performance of TCD reactors (and in the promise of the

TCD mode of operation, in general).

The blanket study is aimed at identifying the minimum 3Be inventory
required for converting 3Be into tritium at the rate of 3He production, and
the maximum energy multiplication attainable. We consider only WILDCAT-type
blankets consisting of PCA and H,0, to which 3He is added. It is found that
PCA:HZO:.3He blankets can be designed for TCD reactors with modest 3He inven-
tory —- of the order of 10 kg 3He per GW(e). Such an inventory can be pur-
chased for about 10 M$, i.e., without a significant economic penalty. The use
of beryllium as a neutron multiplier is expected to lower the 3He inventory
requirements (as well as to 1increase the blanket energy =awltiplication

attainable).

Not having to incorporate lithium in the blanket and to produce at least
one triton (net) per fusion neutron (as do blankets for D~T reactors), TCD
blankets can be designed to be simpler, safer, easier to maintain, and to
operate at higher temperatures (and therefore, efficiencies) than D-T blan-
kets. Moreover, it might be possible to design the first wall and blanket of
TCD (as well as Cat-D) reactors to have a longer life than of D-T reactors.
Relative to the Cat-D mode of operation, the TCD mode of operation relieves
difficulties associated with the need to recirculate the 3Be.



The TCD reactor design and economic analysis is carried out using the
methodology and ground rules developed at Argonne National Laboratory (ANL},
as embodied in the computer code TRAC-I1. All the reactors are designed to
have 4000 MW of nuclear power, are ccnstrained by a first wall thermal loading
of 1 MW/m2, and are assumed io have a plasma beta of 10%. It is found that
the conversion of 3He into tritium enables a reduction in the reactor size but
calls for an increase in the nr confinement requirements as well as in the
plasma density. As long as ignition can be achieved, the lower the fraction
of the 3He atoms escaping fusion, the better is the economics of the reactor.
The cost of electricity (COE) of the TCD reactor is found to be approximately
half-way in between the COEs of the reference STARFIRE D-T and the WILDCAT
Cat-D reactors. Further, a very preliminary examination of potential improve-
ments in the performance of TCD reactors indicates that by optimizing the
blanket design to have a higher energy wmultiplication, by minimizing the
shield cost, and by capitalizing on the high temperature operation ability of
TCD blankets, it might be possible to arrive at TCD tokamak the COE from which
approaches the COE from D-T tokamaks.

Ignition of the low 3He burn-fraction TCD reactors pends the attainment
of plasma energy balance which is better than predicted by the TRAC-II model
used, If it turns out that ignition of low 3He burn fraction TCD plasmas 1is
not attainable, it will be necessary to improve the plasma energy balance
either by increasing the 3He burn fraction (by recirculating part of the 3He),
or by assisting the plasma with some extra tritium obtained by incorporating

some lithium in the blanket, or by externally heating the plasma.

Realization of the potential benefit of the TCD mode of operation also
pends the attainment of higher (by about 50%) BBElax than necessary for Cat-D
reactors. If the high Bnﬁax values are not attainable in tokamak devices, the
realization of the TCD mode of operation may depend on the successful develop-
ment of high beta confinement schemes, such as the compact reversed field

pinch devices.

In view of its promise it is recommended that the TCD mode of operation
(with its variants) will continue being examined for fusion power reactors as

well as for nonelectrical applications of fusion energy.
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1. INRTRODUCTION

1.1 The TCD Fuel Cycle

The Tritium-Catalyzed Deuterium (TCD) fusion fuel cycle, illustrated in
Fig. 1, is a D~D based fuel cycle. More specifically, it is one version of
the Partially-Catalyzed-Deuterium (PCD) modes of operation in which all the
tritium from the D(D,n)T reaction fuses in the plasma while as much of the 3He
from the D(D,p)3He reaction which can be recovered from the plasma is placed
in the blanket, where it is transmuted into tritium by neutron absorption
[1,2]. The resulting tritons are fed into the plasma to undergo another D-T

reaction.

In a way this TCD mode of operation has a common denominator both with
the Cat-D and the Semi-Catalyzed~Deuterium (SCD) modes of operation‘A[Zl. Like
the SCD mode, it does not fuse the 3He (as is) and, hence, is free of a rela—
tively high 3He concentrations in the plasma. Like the Cat-D, the TCD mode of
operation fuses one of its fusion products; but whereas in the Cat-D fuel
cycle the 3He fuses as is, in the TCD fuel cycle the 3He is first converted

into tritium.

Relative to Cat-D, the TCD mode of operation is free from the need to
recirculate the 3He;? thus reducing 3He losses and expenses associated with
3He separation and refueling. Mor=over, not having to fuse 3He, the TCD
plasma can maintain a higher deuterium density (for the same total plasma
pressure), thus providing a higher fusion power density [2]. On the other
hand, the fraction of the fusion energy being deposited in the plasma is lower
for the TCD mode of operation, thus requiring a higher ntr value for ignition

(or offering a lower fusion energy gain for a given nt1).

AThe attainment of the Cat-D mode of operation is likely to require recircu-—
lating the 3He many times (more than 10 [3,4]) in order to fuse it at the rate
of its production. Assoclated with each recirculation is a need to recover
the helium from the fuel and ash leaking out of the plasma, and isotopically
separating the 3He from the “He.



Cat-D (Catalyzed Deuterium)

D+D+T+p
¥
T+ D + n(i4.1) + He

D + D + 3He + n(2.45)
¥
3He+D——-—>He+p

6D > 2 p + 2He + n(2.45) + n(14.1)

SCD (Semi Catalyzed Deuterium)
D+D->+T+ p
+
T+ D + n(l4.1) + He

D+ D » 3de + n(1.45)

5D » p + He + 3He + n(2.45) + n(14.1)

TCD (Tritium Catalyzed Deuterium)

Similar to SCD but
+

34e + n_, + T + p (in blanket)
+

T+ D »n(l4.1) + He

th

6D + 2p + 2He + n(2.45) + 2n(14.1) ~ n.p

Fig. 1. Schematics of D-D based fusion fuel cycles.
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Relative to SCD, the TCD mode of operation offers a significantly higher
(by about 80%) fusion power density -- due to the extra D-T reactioca provided

by each e atom recovered, and requires a lower nt value for ignition [2].

Tabl: 1 <ompares the neutronlcs and energetics of the three major D-D
based fusion fuel cycles considered. These fuel cycles are idealized in the
sense that they assume that either all or none of a given fusion product
fuses. More on the compariscn of these fuel cycles, as well as on tritium-

assisted D-D based (or tritium-lean D-T} plasmas can be found in Refs. 2 and

5.

The TCD mode of operation can, in fact, be viewed also as one version, or
as a gpecific design point of tritium-assisted? SCD fuel cycle in which (a)
the degree of tritium assistance is determined by the fraction of 34e which is
extracted from the plasma; and (k) the tritium is produced from 3He rather

than from lithium,

As far as the plasma properties are concernmed, the TCD and the corres-
ponding tritium-assisted SCD (to be denoted as SCD-T) plasmas are identical.
The difference between the TCD and the SCD-T concepts is the blanket systems:
whereas the TCD concept calls for the incorporation of 34e in the blanket, the
SCD-T concept implies (at least in the terminology to be used in this work)
incorporating lithium in the blanket. The latter scheme is likely to lead to
somewhat more difficult blanket design task (but not as difficult as tianket
designs for D-T rteactors) and to blankets with somewhat reduced safety and
maintainability. On the other hand, the SCD-T blankets are expected to have a
somewhat higher energy multiplication, as the binding energy released in the
8Li(n,a)T reaction is 4.78 MeV versus 0.76 MeV for the 3He(n,p)T reaction.
Another potential advantage of the SCD-T mode of operation is the flexibility
in the degree of tritium assistance it can be designed for. Also, the SCD-T

fuel cycle might provide an adequate source of 3He Ffor D-3He fusion reactors

[2].

bBy tritium assistance we refer to modes of operatfion in which tritium s
added to the piasma from sources other than the D(D,p)T and 3He(n,p)T reac-
tions occuring in.the reactor under consideration.



TABLE 1

Neutroan and Energy Balance of Prime Ideal Fusfon Fuel Cycles

Fusion Energy®
Fraction
No. (Energy) Total in Charged
Fusion Fuel Cycle of Neutrons® (MeV) Particles
D-T (Conventional)
D+T+n+a 1 (14.07) 17.59 0.20
D-Based {Alternate)
J',n + e
D-D DD 1/2 (14.07) + 1/2 (2.45) 3.65 0.66
\‘\p + T
Cat-D D-D with products T 1/2 (14.07) + 1/2 (2.45) | 21.62 0.62
and 3He fusing
SCDb D-D with T fusing; 172 (14.07) + 1/2 (2.45) 12.44 0.34
3He extracted
TcD®  D-D with T fusing; 3He 1 (14.07) + 1/2 (2.45) | 21.14 0.28
extracted, converted - 1/2 (thermal)
into T and fed back

4Normalized per onme initiating fusion reaction.

brhis SCD fuel cycle is an idealized semi-catalyzed deuvterium cycle in which
all the tritium and none of the 3He produced in the D-D reactions i~ assumed
to fuse in the plasma. Similarly, the TCD is the idealized versfon of the SCD
fuel cycle in which all the e from the D(D,n)3He reaction is comverted into
tritium, which 13 fed back to the plasma and fuses in ft.

1.2 D-D Based Reac*or Studies - Review

Following the pioneering work of Mills {6], most of the D-D based fusfon
power rteactor studies (based on magnetic ~onfinement) considered the Cat-D
fuel cycle [3,4,7-12]. The SCD fusion fuel cycle was first considered in the
context of fusion-fission hybrid reactors [13-15].

The TCD mode of operatior was first proposed by Owens and Impink [16].

Their incentive was to avcid the need for separating 3He from “He, so0 as to
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reduce expenses and loss of 3He (relative to the Cat-D mode of operation).
Following Owens and Impink, Post considered the TCD fuel cycle for mirror
reactors [17]), offering it as a substitute for the D-T cycle aimed at elimi-
nating lithium blanket and reducing the tritium inventory. He restricted his

study to very high temperature, low-Q mirrors.

Following the introduction of the concepts of partially-catalyzed and
tritium-assisted modes of operation [18,19] a number of reactor studies based
on such modes of operation were undertaken. These include the D-D/D-T toka-
maks designed by the MIT group {20,21], the D-D based tandem mirror study by
UCLA [11], the 3He-lean Cat-D tokamak study by SAI [22], and the tritium-lean
tokamaks recently studied by ANL [23,24]).

None aof the above-mentioned studies considered TCD reactors. Whereas the
Owens and Impink examination [16] of the TCD concept concentrated on the issue
of S3He handling, Post examined [17] primarily the issue of fusion reaction
bzlance. Following a preliminary assessmant of the promise of the TCD mode of
operation for nonelectrical applications [2,25] of fusion, the propsect of
this mode of operation for fissile fuel production was recently studied {5,
26]. Even though still prelizinary in nature, this study examined the perfor-
mance of both the fusion driver and the blanket, as well as the economics of
the TCD fusion breeder. The present work carries out a similar assessment,

but as applied to a TCD fusion power reactor.

1.3 Objectives, Scope, and Approach

The purpose of the present work is to assess the promise of TCD tokamaks.
The assessment is done by comparing the performance of TCD tokamaks with the
performance of D-T , Cat-D, as well as Cat-D-T (i.e., tritimm-assisted Cat-D)
and SCD-T tokamaks. Being a short study, the investigation is 1limited in
scope and is, necessarily, preliminary in nature. It makes use of the exten-
sive data base and design tools developed in the ANL tokamak design studies
[4,23,27).

There are three parts to the work: blarket neutronics study (Sec. 2); a
parametric study of TCD tokamaks and their economic analysis (Sec. 3), and an
assessment of potential for further improvement in the disign and performance
of TCD reactors (Sec. 4). Additional considerations associated with the rea-
l1ization of the TCD mode of operation and with nonelectrical applications of

TCD (and other partially catalyzed) reactors are presented in Sec. 5.




2. BLAKKET STUDY

2.1 Study Gosls and Strategy

The blanket study is aimed at estimating the (1) 3He inventory required
for converting the JHe into tritium (at the rate of the e production); and
(2) blanket energy multiplication attainable. The blanket design goals in-
clude minimizing th: 3He inventory and maximf{zing the blanket energy multipli-
cation. These two goals may not be attained simultanecusly: minimal 3He in-
ventory is expected in well-moderated (i.e., soft spectrum) blankets having a
low structure volume fraction (since the structural material competes with JHe
for the neutrons). Maximizing the energy multiplication, on the other hand,
calls for maximizing the neutron absorption probability in the structural
materials (or, in general, in materials offering a release of a relatively
large amount of binding energy per neutron absorption). Thus, the blanket
design 13 a subject for optimization. Such an optimization is beyond the
scope of this work; instead, we shall identify a range of attainable blanket

energy multiplication and 3He inventory.

A single type of blanket -- that conceived for the WILDCAT tokamak [4],
is considered for the present study. The blanket constituents are PCA (a type
of austenitic stainless steel), water and 3He (instead of liquid lithium or
Li.0 used in Ref. 23). The 3He is assumed to be confined to the outer blan~
ket, thus enabling us to design the inboard blanket/shield to have a minimal
thickness (i.e., having it free of void). Confining the 3He-to-tritium con-
verter to the outer blanket does not at all impair the reactor performance as
only a small fraction (of the order of one-third) of the fusion neutrons need
be absotrbed by the 3He for the TCD mode of operation. Eighty-five per cent of

the fusion neutrons are assumed to reach the outer blanket,

The pcrfisrmance of the outer blanket is estimated using a one~dimensional
cylindrical geometry, with the cylinder axis at the center of the plasma cham-
ber (located 2.2 m from the first wall). The l-cm thick first wall is taken
(after Ref. 23) to be of 65% PCA and 35Z H,0. Following the first wall is a
70-cm thick uniform composition blanket which is followed by a 150-cm thick
uniform composition shield made of 60% Fe-1422, 352 B4C {at 95% theoretical
density) and 5% H20. An isotropic source of fusion neutrons is taken to be
uniformly distributed throughout the piasma region (not including the 20-cm



_

thick annular scrape-off region adjacent to the first wall. The PCA, Hp0, and
3He volume fractions in the blanket region are varied parametrically. The 3He
fs assumed to have an atomic density of 6.9 x 102* atoms/ca’? corresponding,
for example, to 50 atm and 300°C. The blankets are taken (for the calcula-
tions) to have a uniform composition even though the results are analyzed as
if the 3He was confined to only the front part of the outer blanket volume

(starting from the first wall).

All the calculations’are performed with the ome-dimensional transport
code ANISN [28] using the 46-neutron, 21-photon group constants derived from
the VITAMIN-C [29] and the MACKLIB [30] libraries. Not having 3He kerma fac-
tors in the MACKLIB library, the contribution of 3He to the total blanket
energy multiplication 1s estimated by assuming that the 3He contribution to
the blanket energy comes via the 3He(n,p)T reaction only, and that this con-
tribution amounts to 0.765 MeV per reaction. All the nucleonic calculations

are performed with the P3~Sg transport approximation.

2.2 Tritiom Breeding Requizements

Consider an idealized TCD reactor (which suffers no losses of 3He atoms,
tritons, and neutrons) in which a fraction a of the 3He atoms produced in the
plasma escapes the plasma without fusion. What tritium breeding ratio (TBR)
does the blanket need to be designed for?

Let us denote by 1p-T and Tp-p the number of tritons to be produced per,
respectively, a D-T and a D-D fusion neutron and by N the ratio of D-T to D-D
neutrons produced in the reactor. Then the 3He-to-tritium conversion require-~

ment implies that
Yp-p * Byp.y = a. (1)

Realizing that

N = a+ <mr>D_,,_1_/<ov>,,_,,n =z a+u, (2)

where <ov>D_DT and <ov>D_Dn are the reactivity for, respectively, the D(D,p)T

and the D(D,n)2He reactious, one obtains

Yp-p + {a+ U)YD_T‘ = q (3)
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or

Yp.p = afft + (a+ u)e] ’ 4)

where

e = yYp.p/Yp-p (5)

depends on the specific blanket design characteristics. The parameter u, on
the other hand, depends on the plasma temperature; for the temperature range

considered in this work, a typical value of u is 0.9.

Table 2 1illustrates the tritium breeding requirements from blankets for

TCD fusion reactors characterized by different values of e and two values of

TABLE 2

Tritium Breeding Requirements for TCD Blankets”
as a Function of e = yp.p/Yp-D

Blanket Coverage
100 85%

€ Yp-p Yp-T Yp-p Yp-1
0.5 0.474 0.237 0.557 0.279
0.6 0.433 0.260 0.509 0.305
0.7 0.398 0.279 0.469 0.328
0.8 0.369 0.295 0.434 0.347
0.9 0.344 0.309 0.404 0.364
1.0 0.321 0.321 0.378 0.378
1.1 0.302 0:332 0.355 0.391
1.2 0.285 0.342 0.335 0.402
1.3 0.269 0.350 0.317 0.412
1.4 0.256 0.358 0.301 0.421
1.5 0.243 0.365 0.286 0.429

*Assuuing ¢ =0.,9 and u = 0.9.
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blanket coverage efficiencies -- 1007 (an idealized situation) and 85Z (repre-

senting tokamak designs in which the 3He-to-tritium converter is confined to

11

the outer blanket only). It is observed (consider, for example, the e = 1.0
case) that the TBR required for the TCD mode of operation is on the order of
one-third {i.e., approximately one neutron need be absorbed in 3He per every

three fusion neutrons).

2.3 3He Inventory Requirements

The tritium breeding ability of the PCA:H;0:3He blankets considered, and
its dependence on the blanket composition and on the fusion neutron type are
{11llustrated in Figs. 2 through 5 and in Table 3. Consider, first, the effect
of vatiati;n in the PCA:H,0 volume fraction with fixed 3He inventory -- Figs.
2 and 3. It is observed that:

® The lower the PCA volume fraction, the higher becomes the tritium
breeding abilitry oI the blanket. This trend is attributed to the
reduced competition for neutrons the 3He has, when the PCA concentra-

tion is reduced.

® The maximal TBR of D-T neutrons 1s higher than that of D-D neutrons
when the PCA volume fraction i{s relatively high, but lower than that
of D-D neutrons for the low PCA volume fraction blanket. This 1s due
to the fact that with the high PCA concentrztion, the 14-MeV neutron
has a non-negligible probability for inducing {n,2n) reactions, thus
augmenting the tritium production probability. As the PCA volume
fraction decreases, the probability for the (n,2n) reactions decreases
as well. The 14-MeV neutron has, however, a higher probability for
being absorbed while slowing down. Hence, the tritium breeding ratio
for the 2.45-MeV neutron becomes higher than that for the l4-MeV

neutron.

® Most of the 3He-to-tritium conversion caused by the D-D neutrons takes
place within the front 20 to 25 cm in the blanket (measured from the
source side). The approach to ihe asymptotic breeding ratio is more
gradual in the case of the D-T neutrons. This difference reflects the
higher peunetrability (longer mean-free path) of the D-T neutrons.
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TABLE 3

Tritium Breeding Ratio and Energy Multiplication
of PCA=H20:3He Biankets

Blanket Composition Tritium Breeding Blanket Enexgy
(vol-Z) Ratio Multiplication®
Case
No. PCA H0 IHed D-T D-D >-T { D-D
]
AO 90 10 Q 0. 0. 1.509 i 4.4505
Al 60 10 30 0.7550 0.6992 1.079 g 2.136
A2 60 30 10 0.6328 0.5959 1.151 5 2,452
A3 30 10 60 0.8778 0.8490 0.909 1.566
Ab 30 60 10 0.7419 0.7389 1.043 1.945
A5 10 8o 10 0.8035 0.8439 1.038 1.564
A6 10 85 5 0.7139 0.7443 1.075 1.793
A7 10 89 1 0.3821 0.3897 1.203 2.593
A8 20 79 1 0.3010 0.3016 1.280 3.054
A9 20 75 5 0.6567 0.6675 1.117 2.087
AA 20 70 10 0.7733 0.7893 1.062 1.764
AB 30 69 1 0.2488 0.2452 1.328 3.345
AC 30 65 5 0.6065 0.6029 ; 1.151 2.331

2 3He density is 6.877 x 102¢ atoms/cc.
bNormalized to 14.1 MeV for D-T neutrons and 2.45 MeV for D-D neutroms..

Figures 4 and 5 show the tritium breeding ability of low PCA content
blankets; the PCA volume fraction is probably close to its minimal practical
limit. As there fs a very small probability for {n,2n) reactions in these
blankets, the tritium breeding ratic attainable by a D-D neutron surpasses
that attainable by a D-T neutron. Moreover, due to the penetrability of the
D-T neutrons, their tritium production spans over most of the blanket volume,
whereas most of the tritium production by D-D neutrons occurs within the first

20 cm OoT SO.

An estimate of the 3He inventory required for attaining a desirable trit-
iumn breeding ratio in the different blankets can readily be deduced from Figs.
6 and 7, in which the 3He inventory is expressed in terms of an "effective 3He

zone thickness". There is a one-to-one correspondence between this effective

T TR -
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3He thickness and the "depth in blanket" scale of Figs. 2 to 5 supplemented by

the 3He volume fraction in the specific blanket under consideration.

Consider, for example, a TCD reactor operating with o = 0.9 and using a
PCA:H;0:3He = 10:85:5 blanket "seeing” 85% of the fusion neutrons. To account
for the negtrons which do not take part in tritium production, we impose an
effective o value of 0.9/0.85 = 1.059; i.e., we require 85% of the neutrons
actually released (in fusion reactions) per 3He atom produced, to convert
1.059 3He atoms into tritium. Using the results of Figs. 6 and 7 we find (by
trial and error), that the effective JHe layer needed is approximately 3.8 mn,
the corresponding Yp_p = 0.30 (Fig. 6) and yp_j ~ 0.51 (Fig. 7) assuming a u
of 0.9. This effective 3He zone thickaess corresponds to 4.34 moles of 3He
per square meter of first wall area. When cccupying 5% of the blanket volume,
the 3He containing zone should span the first 7.5 cm of the blanket.

Carrying out a similar analysis for the PCA:H20:3He = 10:89:1 Llanket
glves yp_qo = 0.37 and Yp-p = 0.39 pertaining to an effective 3He zone thick-
ness of 4.8 mm, corresponding to 5.48 moles 3He/m? first wall area. Simi-

larly, for the PCA:H,0:3He = 30:60:10, blanket Ypp = 0-32, Yp_p ~ 0.45, and
the effective SHe zone thickness is 7.4 om, or 8.45 moles 3He/m? first wall

area.

2.4 Blanket Energy Multiplication

Of the PCA:H20:3He blanket constituents, the PCA provides the highest
(~7.9 MeV [31]), whereas 3He provides the lowest (0.76 MeV) binding energy
release. Thus, maximizing the energy multiplication implies designing the
blanket to maximize the capture, in PCA, of those neutrons not needed for

tritium production.

The energy multiplication of the D-T and D-D neutrons in the specific
blankets studied is summarized in Table 3, while Tables 4 and 5 give a break-
down of the energy deposition in these blankets (including the first wall).
It turns out that the enmergy multiplication of all these PCA:H20:3He blankets
can be conveniently expressed parametrically -- the parameter being the 3He-
to-PCA volume ratio; this parametric representation 1s illustrated in Fig. 8,
which represents all the blankets of Table 3.
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TABLE 4

Breakdown of Energy Deposition in
PCA:H,0:3He Blankets Driven by D-T Neutrons

Blanket
Composition Energy Deposition
(vol-¥%) (MeV/n)
Blanket
Case First Without
No. PCA/H,0/ 3He Wall 3He 3He Total
AO 90/10/0 2.004 19.218 0. 21.223
Al 60/10/30 1.669 12.935 0.570 15.174
A2 60/30/10 1.682 14.010 0.484 16.176
A3 30/10/60 1.529 11.257 0.672 13.458
A4 30/60/10 1.526 13.141 0.568 15.235
A5 10/80/10 1.367 12.617 0.615 14.599
A6 10/85/5 1.429 13.140 0.546 15.115
A7 10/89/1 1.642 14.975 0.293 16.910
A8 20/79/1 1.745 16.017 0.230 17.992
A9 20/75/5 1.530 13.668 0.502 15.700
AA 20/70/10 1.457 12.881 0.592 14.930
AB 30/69/1 1.800 16.681 0.190 18.671
AC 30/65/5 1.602 14.121 0.464 16.187
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TABLE 5

Breakdown of Energy Deposition in

PCA:H,0:3He Blankets Driven by D-D Neutrons

Blanket
Composition Energy Deposition
{vol-%) (MeV/n)
Blanket

Case First Without
No. PCA/E,0/3He Wall 3He 3He Total
A0 90/10/0 0.921 9.870 0. 10.791
Al 60/10/30 0.588 4.116 0.535 5.233
A2 60/30/10 0.632 4,921 G.-56 6.009
A3 30/10/60 0.460 2.727 0.5650 3.837
A4 30/60/10 0.540 3.660 0.566 4.766
AS 10/80/10 0.446 2.741 0.646 3.833
A6 10/85/5 0.546 3.278 0.570 - 4.39%
A7 10/89/1 0.870 5.184 0.298 6.352
A8 20/79/1 0.922 6.329 0.231 7.482
A9 20/75/5 0.612 3.991 0.511 5.114
AA 20/70/10 0.500 3.217 0.604 4.321
AB 30/69/1 0.924 7.083 0.188 8.195
AC 30/65/5 0.651 4.599 0.461 5.711
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energy multiplication of D-T (ep-7) and D~D
(ep-p) meutrons for PCA:H,0:3He blankets.

It is found that the energy multiplication is almost independent, in the
range of blankets considerd, of the water volume fraction; it depends primar-
ily on the amount of 3He relative to the amount of PCA (represented by the
3He/PCA volume ratio), which is closely proportional to the 3He-to-PCA neutron

capture probability.

Consider a given blanket (say omne of the blankets of Table 3) the tritium
breeding ratio of which is adjusted to the desirable value by selecting the
proper 3He inventory. For each meutron saved from 3He capture, the blanket
gains 7.14 MeV — the difference beween the binding energy release per meutron
capture in 3He and PCA. Denoting the fusion meutrou energy by E, (MeV), the
tritium breeding dependence of the total energy deposited per fusion neutron
(Av) in a given blanket can be estimated by assuming a one-to-ome correspon-
dence between neutron capture in the 3He and PCA:

Hn = EnEO + (7-9 - 0-76)AYn 3 (6)
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where

Ay 2 Yoo~ Yo (7)

in which y,, is the y, value .zlculated for the reference blanket, and g4 is

the energy multiplication in the reference blanket. Dividiag through by E;

aund rearranging we obtaim:

7.14 7.14

€ = Jgg + -—_, (8)
E no E n
n n

i.e., a linear relatiouship between the energy multiplication and the tritium

breeding ratio.

Figure 9 illustrates the y, dependence of the energy multiplication pre-
dicted this way for selected blankets. The small displacement between the
lines of the different blankets reflects the difference in their water volume
fraction - - i.e., in the probability for neutron capture in water as well as
for the (n,2n) neutron multiplication in PCA. The data of Fig. 9 or Eq. {(8)
is used to deduce the energy multiplication of a blanket of a given type
.(characterized, say, by a given PCA and H30 volumes) designed to provide a

desirable tritium breeding ratio.

2.5 Illustrative TCD Slanket Characteristics

Table 6 provides, in way of summary, illustratious of characteristics of
selected blankets designed to provide the 3He~to-tritium transmutation rate
necessary for the TCD mode of operationm, assuming that the blanket "coverage
efficiency” 13 85% (see Sec. 2.1). The tritium breeding ratio requirements
along with the effective 3He zone thickness are determimed from Pigs. 6 and 7
along with Eqs. (4) and (5), in which « 1is taken to be 0.9/0.85 = 1.059. The
corresponding blanket energy multiplications are deduced from Fig. 9 or from
the data of Tables 3 and 6, with the help of Eq. (8).
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2.6 bDiscussion
»

0f the blankets congidered in Table 6, the PCA:Hy0 = 10:85 blanket offers
the lowest 3He inventory. Assuming that the first wall area of a full-size
TCD tokamak (after Case 8 of Ref. 23) is of the order of 900 m2, and that the
needed out-of-blanket inventory of 3He is likely to be of the order of 507 of
the ionm-blanket inventory [33] the total 3He imventory called for is approxi-
mately 17.6 kg. At a price of $750/g 3He, the capital required for purchasing
the 3He 1s 13.2 $M. This is less than 1% of the total capital cost of a

WILDCAT-type reactor [4,23].



22

TABLE 6

3He Inventory Requirements for, and Selected Characteristics

of PCA:H,0:3He Blankets for TCD Mode of Operation

Blanket PCA:H,0 Volume Ratio

Characteristic 10:89 10:85 30:60
Fraction of 3He saved 0.9 0.9 0.9
Ratio of D-T to D-D, 1.8 1.8 1.8
Blanket coverage efficiency (Z) 0.85 0.85 0.85
TBR needed

D-T neutron 0.37 0.30 0.32
D-D neutron 0.39 0.51 0.45
Blanket enmergy multiplication?
D-T neutron 1.208 1.284 1.297
D-D neutron 2.593 2.476 2.787
Blanket energy gener:an:ionb per 10.95 12.35 13.27
D-D neutron (Me%)
3He effective zone thickness (cm) 0.48 0.38 0.74
3He specific inventory (moles/m2) 5.48 4.34 8.45
34e specific cost (103 $/m2)¢ 12.33 9.77 19.01

4In blanket sections which contain the 3He-to-tritium converter,

bAverage; assuming that 85Z of the neutrons have the emergy multipli-~
cation giveu in Table 6, while 15% of the neutrons have an energy
multiplication of 1.5 and 4.38 for, respectively, D~T aud D~D

neutrons {see Ref. 23).

Cassuming $750/g of 3He (see Ref. 32).

Another indication on the significance of the 3He inventory needs of TCD
reactors cau be obtained by considering the tritium inventory and time

required for providing the 3He iaventory.

With a tritfum half-life of 12.23

yr, the accumulation of 17.6 kg of 3He requires about 310 kg tritium-years.

The tritium inventory of a typical D-T fusion power reactor is expected to be
of the order of 10 kg. Thus, the amount of JHe accumulated in 30 yr from
tritium decay in such a reactor is the 3He inventory mneeds of a full-gize TCD

reactor.
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Still another indicator of the 3He inventory needs of a TCD reactor is
the length of time of operation of the TCD reactor required for accumulating
the 3He inventory needed. The idea is to begin operating the reactor in the

SCD mode of operation (possibly assisted by additional external plasma heat~
ing) until enovgh 3He from the D(D,n)3He is accumulated. For a thermal first

wall loading constraint of 1 MW/m? assumed, it 1s estimated that a total of 54
days of operation are required for accumulating all the 3He inventory needed

for the TCD reactor using the PCA:H,0 = 10:85 blanket.

3He inventory needs even lower than identified above could be conceived
by using beryllium as a major blanket constituent. As the beryllium can pro-
vide, via n,2n reactions, more than one extra neutron per D-T neutron, the 3He
inventory needed for the TCD mode of operation might be only about one-half
its value without the beryllium neutron multiplierf

The interest in minimal 3He inventory illustrated above does not imply
that minima¥.3ﬂe inventory should be the design goal for a TCD reactor. In
the PCA:H,0:3He blankets considered, minimal 3He inventory implies relatively
low PCA volume fraction. A low PCA volume fraction implies relatively low
blanket energy multiplication and relatively poor shielding properties. Thus,
there exists an economic tradeoff between a low 3He inventory and a high
blanket energy multiplication. Consequently, an overall system optimization
1is required for identifying the most desirable blanket performance (measured
in terms of the 3He inventory and emnergy multiplication). Such an optimiza-

tion is beyond the scope of this work.

3. REACTOR DESIGN

3.1 Strategy and Asgumptions

The plasma and machine characteristics of the TCD tokamaks are calculated
using the assumptions and models developed;by ANL, as embodied in the TRAC-II
code [23]. It uses the same general procedurc applied to the design of both
the STARFIRE D-T [27] and the WILDCAT Cat-D [4] reactors. The specific strat~-
egy adopted for the present study follows closely that used in the recent ANL
study of tritium~lean plasmas. Table 7 brings a brief summary of the assump-
tions used. 1In the rest of this section we shall describe the difference in
the strategy and assumptions used for this study relative to those used in

Ref. 23..
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TABLE 7

A Summary of Assumptions Used for TRAC-II Calculations

e Total thermal power (MW) 4000
® First wall thermal loading (MW/m2) 1
o & (D (1) 10
® Maximum toroidal field strength (Tesla) 14.3
® Aspect ratio, A (m) 3.25
¢ Elongation, « 1.6
¢ D-shapedness, d 0.2
® Safety factor
q(a) 3.0
q{0) 1.0
® Plasma r~mperature and deusity Profiled
® Particle/en.._ confinement time ratio 0.25
e Ton/energy confinement time ratio L 4,0
® Current drive REB
¢ Beryllium impurity level (Z) 0
® Cyclotron radiation reflection coefficient 0.9P
® Blanket thickness (inboard/outboard) (cm) 30/70
® Shield thickness (inbogrd/outboard) (cm) 61/150
® Blanket energy multiplication (D-T/D-D neutrons) 1.50/1.76

8xs long as By x_5_14.3 T; otherwise ET is adjusted to give right
plasma demsity™ith By = 14.3 T. :

bExcept for few low 3He burn fraction cases in which an 0.99 value

is used.
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In the course of the TRAC-II czlculations, the magnetic field strength is
allowed to exceed 14.3 Tesla -- supposedl” the upper practical limit expected
[23]. Whenever TRAC-II calls for field strengths exceeding 14.3 Tesla, we
assume that the machine is designed to have 14.3-T magnets, while adjusting 8
so as to preserve the plasua density. Even though there are indications that
tokamak reactors might be designed with ET values sfgnificantly higher than
102 [34], we suggest that the higher the B8 (actuzlly, the higher the ETB%hax)
value called for by TRAC-II calculations, the more doubtful is the practical
realization of this design.

The plasma is assumed, in this study, to have no impurities (except for
ash), so as to enable ignition even when only a small fraction of the 3He from
the D(D,n)3He reaction fuses. Behind this assumption is the realization that
the particle and energy confinement ability of large high field tokamaks (or
the 1like) machines 1is not known at present well enough to preclude the possi-
bility that such machines may be designed to have a better energy balamce than
presently perceived. Otherwise, these reactors will have to be supplemented
with external heating. Guided by the same rationale, the cyclotron radiation
reflection coefficient was increased from the 0.9 value used for most of the
cases (as in Ref. 23) to 0.99 for only a few of the very low 3He burn-fraction

cases.

Whereas the primary variable of the E-G-J parametric study [23] was Ty =
ﬁT/ﬁD (varied in between 4.8 x 1073 for Cat-P, to ~1.0 for P-T), the primary
varizsble used for the present study is a = the fraction of the 3He which fuses
in the plasma. (In the E-G-J study, a was very close to either 1.0 or 0.0).
As o is not a free input parameter for TRAC-II, it was varied by adjusting the
parameter Ry £ fraction of 3He atoms reaching the first wall, which is
reflected back to the plasma. This adjustment is done parametrically, so as
to bracket the desirable value of @, to allow interpolating the results to the

specific o of interest.

As 13, the TRAC-II code was not set to define TCD plasmas, i.e., to ad-
just the rate of tritium supply from external (to the plasma) sources so as to
assure the TCD mode of operation. To arrive at the TCD mode of operation, Tp

is varied parametrically to cover the range around f = 1, where



26

an - =2
“D"T<°V>D-'r (1/ Z)I:D<O'V>D_D
f = " I, . (9)
:x(11!'2)!:D<ov>D_Dn

The performance characteristics pertaining to f = ] 18 then obtained by inter—
polating TRAC-II results pertaining to the neighboring f values.

Losses of 3He and tritium (due to leakage, nonperfect recovery and radio-
active decay) are neglected. These losses are, however, expected to be small,
and they could be compensated for by adding to the blanket some 3He from

external (to the reactor) sources.

The inboard shield thickness is kept fixed, rather than adjusted with the
neutron source characteristic of each specific design (as done in Ref. 23).
To appreciate the implications of this approximation, the sensitivity of the
TCD teactor performaunce parameters to this shield thickmess is egtabl:lshed (in

Sec. 3.6).

A similar approach is adopted with reéard to the blanket energy multipli-
cation. A design independent value (1.50 and 1.76% for, respectively, the
14-MeV and 2.45 MeV uneutrons) is used. The gensitivity of the reactor perfor-
mance characteristics to the blanket energy multiplication is then estab-
lished. The couple of approximations described above emnabled proceeding with
the reactor studies {using TRAC-II) before having results from detailed neu-
tronic studies -~ a must strategy for the short duration of the present study.

From the above assumptions and approximations it is apparent that the
present assessment gives the TCD mode of operation the merit of doubt. TIf
found to be significantly more promising than other D-D based modes of opera-
tion, it might be justified to embark upon a more thorough assessment; other—
wise, the TCD mode of aperation is mot likely to be of much practical interest

for fusion power reactors.

®The €p-p Was adjusted artificially to account for all the difference in the
blankef energy multiplication between a Cat-D and a TCP blanket.
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The costing of the TCD (and other) tokamaks examined, the economic analy-
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sis methodology and assumptions are adopted as are from Ref. 23. All the cost
figures quoted are given in 1980 dollars. Future studies will require careful
assessment of the cost items included in TRAC-II, and their scaling laws for

TCD reactors.

3.2 Reference Reactors aund Effects of Impurities

Three reactor designs from the E-G-J study [23] were adopted as refer—

ences against which the TCD reactors are to be compared. These are the:

® D-T reactor: Case No. 1 of Ref. 23, representing STARFIRE [27].
® Cat-D reactor: Case No. 9 of Ref. 23, representing WILDCAT {4].

® (Cat-D-T reactor: Case No. 8 of Ref. 23.

The latter is the T-lean tokamak design the tritium breeding of which is

closest to that required for the TCD mode of operation.

Table 8 summarizes major design and performance parameters of the three
reference reactors calcullmted using the ground rules described in Sec. 3.1
excluding the impurity level -- a 3% beryllium concentration is assumed to be
presented in the plasmas of Table 8. The parameters presented in Table 8 are
identical with those of Ref. 23. Table 9 brings the design and performance
parameters for the same reactors, the plasma of which is free of impurities.

Being impurity-free as well, the performance of the TCD reactors under consid-

eration is to be compared with that of Table 9.

Comparing Table 9 with Table 8 it is observed that impurities have but a
very small effect on D-T plasmas, D-D based plasmas (represented by the Cat-D
plasma), characterized by a higher temperature, are more sensitive to the
impurity level, particularly sensitive is the nt requirement for igition —
without impurities nt drops to about one-~half their nominal value. Along with
nr, there is a reduction in the ash concentration and a slight reduction in
the magnetic field strength required to provide a given power output. Due to
the first wall thermal loading and total thermal power constraints, however,
there is only a négligible change in the size of the machines. Consequently,
impurity removal has but a very small cost saving effect; it is due, pri-
marily, to the lower magnetic field requirements.
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TABLE 8

Selected Design and Performauce Parameters of the
Re ference” D-T, Cat-D-T, and Cat-D Tokamaks

Reactor Type

Parameter D-T Cat-D-T Cat-D

Major radius (m) 6.10 9.32 10.59
Peak toroidal field (T) 8.31 13.6 13.34
Field in plasma (T) 4.16 7.81 7.93
Plasma toroidal average g (Z) 10.0 10.0 10.0
Plasma current (MA) 10.5 30.2 34.9
Confinement parameter, nDrE(m‘3s) 8.64 + 19 2.19 + 21 2.71 + 21
Average electron temperature (keV) 7.0 21.9 24,0
Average ion temperature (keV) 7.12 22.6 24.7
Fraction of 3He fused 0 1.0 1.0
Tritium breeding ratio® 0.994% 0.404 0.0027
Deuteron deusity (m~3) 1.20 + 20 2.11 + 20 2.00 + 20
fip/np 1.00 0.01 0.0042
E3He/ED 3.04 - 5 0.138 0.125
ﬁp/in 6.98 - 5 2.94 - 2 4,13 - 2
Eu/ﬁD 1.04 - 2 1.97 - 2 1.66 = 2
Fusion power? (MW) 3225 3034 2949
Charged particles power (MW) 647 1460 1870
Net electric power (MW) 1335 1321 1317
First wall loading (MW/m2)

D-T neutrons 3.98 1.00 0.48

D-D neutrons —_— 0.081 0.095
Total capital cost® (M$) 1973 3243 3832
Cost of capacity ($/kWe) 1478 2454 2910
Component replacement cost (M$/yr) 21.5 5.83 5.18
Cost of electricity (mills/kWwh) 27.2 40.3 47.2

*See Ref. 23.

2Number of tritons produced in the blanket per average fusion neutrom.
bBlanket povwer equals 4000 MW minus fusion power.
cIncluding indirect, but mo escalation during construction costs.

Expressed in 1980 dollars.
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TABLE 2

Selected Design and Performance Parameters of rhe Reference* D-T,
Cat-D-T, and Cat-D Tokamaks Without Impurities

Reactor Type

Parameter D-T Cat-D-T Cat-D

Major radius (m) 6.10 9.31 10.57
Peak toroidal field (T) 8.18 13.14 12.87
Field in plasma (T) 4.10 7.55 7.64
Plasma toroidal average B (%) 10.0 10.0 10.0
Plasma current (MA) 10.4 29.2 33.5
Coufinement parameter, npTgp(m™3s) 7.98 + 19 1.28 + 21 1.46 + 21
Average electron temperature {keV) 7.0 21.9 24,0
Average lon temperature (keV) 7.1 22.6 24,7
Fraction of 3He fused ) 1.0 1.0
Tritium breeding ratio? 0.994 0.406 0.011
Deuteron density (m™3) 1.20 + 20 2,11 + 20 2.00 + 20
fip /T 1.00 0.01 0.0042 -
‘ﬁ3ﬂelﬁn 2.79 - 5 0.137 0.125
EP/ED 6,43 - 5 1.71 - 2 2.23 - 2
ﬁa/ﬁn 9,53 - 3 1.15 - 2 9.02 - 3 :
Pusion power® (MW) 3225 3034 2949 )
Charged particles power (MW) 647 1.46 + 3 1.86 + 3 }
Net electric power (MW) 1335 1323 1319
First wall loading (MW/m2)

D-T neutrons 3.98 1.00 0.487

D-D neutrons 2.04 - 3 8.09 -~ 2 9.48 - 2
Total capital cost® (M$) 1967 3189 3755
Cost of capacity ($/kWe) 1473 2411 2847
Component replacement cost (M$/yr) 21.53 5.84 5.19
Cost of electricity (mills/kWh) 27.1 39.7 46.2

*See Ref. 23,
2Number of tritoms produced in the blamket per average fusion neutron.

bBlanket power equals 4000 MW minus fusion power.

®Including indirect, but no escallation during coustruction costs.
Expressed in 1980 dollars.
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3.3 Effect of Partial Burnm of 3He

Consider, next, the Cat-D-T reactor (reference case No. 8 [23]) in which
the 3He is not required to fuse completely; Figs. 10 and 11 show the variation
of selected reactor parameters with a -- the fraction of 3He which escapes
fusion. The TBR and nt for the reactors considered are being maintained at a
constant value (of Case No. 8) —— TBR = 0.4 and nt ~ 2.2 x 102! m—3s. The TBR
is defined here, after Ref. 23, as the net numbter of tritons burned in the
plasma divided by the total number of neutrons (including both D-T and D-D

neutrons) produced in the plasma; in a loss-free system this TBR 1is related to

the blanket y's as follows:.
TBR = of (1 + N) - (ypp + Nyp_p)/(1L + N) . (10)

The TBR is kept constant for this series of runs regardless of the value of a.

It is observed that as the fraction of the 3He saved (i.e., not fused)
increases, the size of the plasma (measured by R) decreases. This 18 due to
the lower fraction of fusion energy release in the form of charged fusion
products, enabling a design of a more compact reactor without exceeding the
first wall thermal loading comstraint of 1 MW/m2. The deuterium density needs
to increase with a, to assure the total power output constraint of 4000 MW(t).
Consequently, the power density, as well as the neutron wall loading signifi-
cantly increase with a (Fig. 11). For this to happen, though, the magnetic
field (and/or B) needs to be significantly increased as well.

Figure 12 shows the a dependence of the total capital cost and of the
cost of electricity (COE). It is observed that the capital cost of the reac-
tor decreases appreciably az the fraction of the 3He atoms saved is increased.
This is due, primarily, to the reduced size of the fusion device with the in-
crease in a. As the total capital cost is the dominant contributor to the

COE, the COE shows a similar o dependence.

It 1is concluded that, subjected to the ground rules and assumptions used,
it pays to save as much of the 3He as possible. The 3He fraction which could
be saved is limited, 1in reality, by the ignition requirement (discussed in
Sec. 3.1) and confinement requirement (which affects the D—2He fusion proba-
bility before the 3He leaks out of the plasma [35]). For the tokamak reactors
considered above, the maximal attainable a is 2stimated to be ~0.8. The COE
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of the a = 0.8 tokamak is found (Fig. 12) to be 87% of the COE of the refer-
ence (a = 0; 1.e., Case No. 8 of Ref. 23) tokamak.
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3.4 The TCD Mode of Operation

Next, let us remove the TBR ~ 0.4 and nr = 2.2 x 102! m3s constraints
considered in the preceding section. The TBR is adjusted to give the TCD mode
of operation, so that the number of tritons supplied to the plasma [from
sources other than the D(D,p)T reaction] equals the number of 3He atoms which

leaves the plasma.

Figures 13 through 15 summarize part of the results of the parametric
study carried out. Shown in each figure is the temperature dependence of
selected parameters for certain ranges of a. Practically, the range of a is
determined by the recycling coefficients (R;) -- the probability of an ion
which diffuses out of the plasma to be recycled back to the plasma due to in-
teraction with the first wall. To reach ignition in the a =~ 0.9 range (cor-
responding to the Ry = 0.75 case), the cyclotron raldation coefficient was
raised arbitrarily to Rcycl = 0.99 (vs. Rcycl
Consequently, the attainment of the high-a TCD cperating regime should be

= 0.90 used as the reference).

viewed as less probable than of low-a operation; it pends the attainment of an
energy balance which is more favorable than that predicted by the model used
in TRAC-IT [23].

The COE is seen to be 1ower; the lower is the plasma temperature. This
reflects, primarily, the reduction in the machine size (R) with the decrease
in the plasma temperature, which is due to the increase in a as the tempera-
ture decreases. The latter is a consequence of the decrease in the <D,3He)>/
<D,D>3He reactivity ratio with the decrease in the plasma temperature. The
lower the plasma temperature, however, the higher 1is the ntr irequirement for
ignition. Thus, economically it pays to design the TCD reactors to operate at
the lowest temperature which permits ignition. This observation is in agree-

ment with the conclusions reached in Ref. 23 on tritium-lean reactors.

The o dependence of gelected characteristics of the TCD reactors examined
in the parametric study is summarized in Fig. 16. The results are presented
for equal nt values of 2.4 x 1021 znd 3.0 x 1021 m—3-g. Except for the plasma
temperature, all the other parameters shown are, essentially, nt independent.
It is observed that the higher a, the lower is the COE. Thus, economically it
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1s desirable to design the reactor to convert as much of the 3He into tritium
as possible. Constraining the mazimal a value attainable in practice will be
the plasma energy loss rate (to be affected largely by the plasma impurity
level and radiation reflection coefficient) and the maximal magunetic field
strength (actually, BB%max) attainable. Table 10 shows selected characteris-

ties of two point designs of TCD reactors.

3.5 The Tritiuww-Assisted TCD Mode of Operation

Figure 17 compares the COE of the TCD reactors (Sec. 3.4) and of the TBR
= 0.4 (i.e., Case No. 8 like [23]; Sec. 3.3) reactors as a function of the
fraction of JHe leaving the plasma (a). Also shown in Fig. 17 1s the COE of
the reference D-T, Cat-D and Case No. 8 reactors of Ref. 23.

The reduced COE of the TCD and TBR = 0.4 reactors with the increase in a
was discussed in the preceding sectiomns, in commnection with Figs, 12 and 16.
Figure 17 shows that the COE of the TBR = 0.4 reactors is lower tham of the
TCD reactors. The difference between the two modes of operation is in the
amount of tritium fed to the plasma from “external” sources [1.e., from
sources other than the D{D,p)T reaction]. 1In the TCD mode of operation the
rate of external tritium supply equals the rate of 3He recovery; the corres-
ponding TBR < 0.4 (see Fig. 16). Alternmatively, it can be said that the TBR =
0.4 designs cousidered pertain to a f > 1 mode of operation [see Eq. (9) for
definitiou of f].

It 1s possible to refer to the f > 1 situation as the tritium—assisted
mode of operation, i.e., a mode of operation in which the plasma fuses more
tritium than the sum of the tritium produced from the D(D,p)T and from the
conversion of the fraction a of the 2He produced in the plasma into tritium.
The extra tritium needed for a f > 1 mode of operation can be obtaimed by in-
corporating in the blanket some lithium (in addition to 3He). 1In fact, as far
as the plasma performance is concerned, all the tritiuvm needed for operzting
the plasma at a given TBR can be bred from lithium; the 3ge could then be
saved for other applications (such as for D-3He fusion reactors ([35]).
Alternatively, the tritium needed for the tritium—assisted mode of operation

could be obtained from other fusion or fission reactors.

The degree of tritium assistance correspounding to the TBR = 0.4 reactors
considered is shown in Fig. 18. Consider, for example, the a = 0.6 design

- m————
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TABLE 10

Selected Design and Performance Parameters of Representative TCD Reactors

- No Impurities

Parameter Case A Case B

Cyclotron radiation reflection coefficient 0.99 0.90
a 0.90 0.765
Major radius {(m) 7.29 7.98
Peak toroidal field? (T) 17.8 [14] 1640 [14]
Field in plasma® (T) 9.62 [7.6] 8.98 [7.7]
Plasma toroidal average ga) ) 10 [16] 10 (14]
Plasma current (MA) 29.1 30.0
Confinement parameter, mptp (m~3s) 2.52 + 21 2.59 + 21
Average electron temperature (keV) 28 26
Average ion temperature (keV) 29.6 27.2
Tritium breeding ratiol 0.33 0.29
Deuteron density (m~3) 3.11 + 20 2.91 + 20

/) 1.00 - 2 8.53 - 3

Eguelﬁn 9,48 - 3 2,63 ~ 2

EPIED 2.54 - 2 2,67 - 2

/% 1.98 - 2 1.81 - 2
Fusion power® (MW) 2939 2996
Charged particles power fraction (2) 31 36
first wall loading (MW/m?2)

D-T neutrons 2.03 1.60

D-D neutrons 0.197 0.170
Blanket power (MW) 1061 1004
Recirculated power (MWe) 96 96
Net electrical power (MW) 1321 1321
Total capital costd (M§$) 2749 2902
Cost of capacity ($/kWe) 2082 2197
Cost of electricity (wills/kWh) 35.0 36.6

8Unbracketed numbers are values calculated by TRAC-II.

Bracketed num—~

bers are examples for values the machines may be designed to have.
byumber of tritons produced in the blanket per average fusiom neutron.
€Blanket power equals 4000 MW minus fusion power.
dIncluding indirect, but no escallation during construction costs.

Expressed in 1980 dollars.
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point. 1Its corresponding f is ~2 implying that the number of tritons fed to
the plasma from external sources 1s twice the number of 3He atoms saved. The
TBR value for the corresponding TCD reactor is 0,25 [1.e., (0.4/TBR - 1) =
0.6].

In addition to offering a lower COE, tritium assistance improves the
plasma energy balance, thus easing the ignition requirements. This is due to

the addition of fusion power deposited in the plasma originating from the
extra D-T reactions., Thus, it may turn out that the tritium assistance will
be called for to enable ignition of TCD plasmas, possibly compensating for the
effects of impurities, relatively low cyclotron radfation reflection coeffi-

cient, etc.
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3.6 Sengitivity Analysis

3.6.1 Introduction

The sensitivity of the D-T and Cat-D reactors to the plasma impurity
level in D-T and Cat-D reactors was illustrated in Sec. 3.2. 1In the following
we shall discuss the sensitivity of such reactors to the inboard blanket/
shield thickness, to the blanket energy multiplication, and to the first wall
thermal loading. The reference Cat-D reactor will represent, in this sensi-

tivity amalysis, the D-D based reactors.

The sensitivity amalysis reported upon consists of limited variations of

the design variables amnd, except for one case, takes the Cat~D reactor to

represent also TCD reactors.

3.6.2 Effect of Blanket/Shield Thickness

Table 11 illustrates the sensitivity of selected performance characteris-
tics of the D-T and Cat-D reactors to the inboard blanket/shield thickness,
A;s. It is observed that in the tokamak designs considered, A;S has no effect
on the major radius of the machines. 1Its modest effect on the COE is due pri-
marily to 1its effect on Boax — the larger A;S’ the further is the TF coil
from the plasma so the higher meed be the magnetic field strength in the coil
in order to maintain a given fleld strength in the plasma. The Cat-D reactor

is more sensitive to A;S than the D-T reactor.

TABLE 11

Effect of Inboard Blauket/Shield Thickness (A;S)

on Selected Reactor Characteristics

Reactor
Characteristic T Cat-pD
A;s (m) 0.972 1.2 0.842 1.2
R (m) 6.1 6.1 10.6 10.6
Brax (D) 8.31 8.99 13.3 14.1
COE (mills/kwh) 27.2 27.5 47.2 49.5

*Impurities included.
aCOrresponding to the reference reactors design (Ref, 23).
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Using the first-wall neutron loading found for our typical TCD reactor

and the neutron wall loading and A;S values the nine refereunce reactors [23])

i
were designed to have, it is found that the TCD reactor should have had a Apg
of ~0.93 m versus 0.91 m assumed at the outset. Using the results from the

sensitivity amalysis it 1s estimated that this difference iun Ai could pena-

BS
lize the TCD COE by about one~third of a percent ounly.

3.6.3 Effect of Blanket Energy Multiplication

Table 12 illustrates the sensitivity of the Cat-D reactor [23] to the
blanket energy multiplication of the 14-MeV neutrons (eD_T]. The maia effect
of 1ncreasing €p-r 18 a reduction 1n the fusion power level (for a given
total power) and therefore in the size and cost of the reactor as well as in
the COE.

TABLE 12

Effect of Blanket Energy Multiplication for 14-MeV Neutroums [eD_T]
on Selected Characteristics of the Cat-D and TCD Reactors

Reactor
Characteristic Cat-D TCD?
Epr 1.5° 1.8 1.5 1.9
Fusion power (GW) 2.95 2.76 3.03 2.6
Heating power (MW - — 80. 68.
R (m) 10.6 10.2 8.4 7.7
Bpax (T 13.3 13.5 15.5 16.2
Total capital cost (B$) 3.83 3.66 3.01 2.8
COE (mills/kWh) 47.2 45,2 41.4 38.1

3This specific TCD reactor has 1% beryllium impurities and is beam
heated; its fusion energy gaiom is Q »~ 37, It has an a of 0.72,
corresponding to an R; of 0.95. It appears that the version of
TRAC-II used for the present study is not set to properly account
for the effect of the beam heating (assumed to use compressiomnal
Alfven waves). The sengitivity of the TCD reactor parameters to
Ep-T is expected, nevertheless to be properly predicted.

bCorresponding to the reference Cat-D reactor (Ref, 23).
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The particular lncrease in ep-p considered in Table 12 corresponds to the
inerease in the blanket energy multiplication of a TCD reactor with a = 0.9 in
which instead of the 90% of the plasma produced 3He atoms to be counverted into
tritium (in the blanket), SLi is used for the production of the same amount of
tritivm. The corresponding reduction in the COE is ~4%.

Also 1illustrated in Table 12 1s the sensitivity of a beamheated TCD
reactor to the blanket energy multiplication. This reactor benefits from in-
creasing €p-T slightly more than the Cat-D reactor examined, as it is a driven
reactor; the increase in ¢ reduces the heating (and, therefore, recirculated)

power requirement, in addition to reducing the size of the machine.

Consider the PCA:H,0:3He = 30:60:10 blanket of Table 6; its effective
ep—r 18 1.476 (set to preserve the total blanket emergy multiplication when
€p-p 1is taken to be 1.76, as in the TCD reactor studies - see Table 7).
Using the sensitivity data of Table 12 1t 1s estimated that the difference
between the 1.476 and the ¢ = 1.50 taken for the TCD reactor studies (see

D-T
Table 7) could be responsible for a mere one-third of a percent iucrease in

the TCD reactor COE.

3.6.4 Effect of First Wall Thermal Loading

Table 13 illustrates the sensitivity of the Cat-D and D~T reactors to the
first wall thermal loading (¢w] constraint. The Cat-D reactor is seen to ben-
efit the most from increasing $s its COE is reduced by 237 versus 8.5% for
the DT reactor.d The relatively small reduction in the D~T reactor COE is
due to the relatively small size and low cost of its fusion device to begin
with, as well as to the frequent first wall/blanket replacements dictated by

its high neutron wall loadings.

dye appears that the version of TRAC-II used for the present study 1is not set
to properly account for the effect of varying wall loading on the scheduled
component replacement cost, and therefore on the COE.
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TABLE 13

Effect of First Wall Thermal Loading [Qw) Coustraint om
Selected Characteristics of the D-T and Cat-D Reactors

Reactor
Charcteristic D-T Cat-D
by (MW/m?) 1.02 2.0 1.0% 2.0
np (1020 w3) 1.2 2.1 2.0 3.4
R (m) 6.1 4.2 10.6 7.4
Bgax (T) 8.3 13.2 13.3 18.8°
Total meutron wall 4.0 8.0 0.58 1.15
loading (MW/m2)
Total capital cost {B$S) 1.97 1.65 3.83 2,92
COE (mills/kWh) 27.2 24,9 47.2 36.8

Corresponding to the reference reactor {Ref. 23).

bWe do not expect such high fields are practical. Similar reactor
characteristics will be attained with, say, 14.3 Tesla Bypyx 1if @,
and correspondingly up, could be increased by (18.8/14.3)2 = 1,73.

4. POTENTIAL FOR IMPROVEMENTS

4.1 Increased Blauket Energy Multiplication

The Cat-D and TCD reactors cousidered in this work use (after Refs. 4 and
23) PCA steel for the primary neutron absorbing material. This reflects the
realization [4,11,31] that steel offers a high bianket energy multiplication
while enabling a relatively simple blanket design. Materials having higher
binding energy release per meutron capture (to be denmoted by Q ), including
chromiumn, silicon, nitrogen [31), aluminum [11], and sodium [36] have been
cousidered also, but found not to provide higher emergy multiplication than
steel, The inclusion of a beryllium neutron multiplier in the blanket was
found [11,31,36] to 1increase the blanket emnergy multiplication, but only
modestly.

It was recently recoguized [37] that manganese can provide a relatively
high blanket emergy multiplication — due to the extra binding energy release
in the g decay of the mangamnese (u,y) trausmutation product,
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SSMa(n,y) Seun[q, = 7.27 Mev] —L - Sbpe[q, = 3.71 Mev] . (1)
2.58 h

in which Q. is that part of the binding energy released in the B decay which
is recoverable. Even higher binding emergy release is associated with a neu-

tron capture in sodium and aluminum,

23Na(n,y)24Na[q = 6.97 Mev] —E—-24Mg[q_ = 4.68 Mev] (12)
15 h
and
27A1(u,y)28A1[q = 7.73 Mev] ——‘i—>2831[qt = 3.02 MeV] . (13)
2.2 m

However, the mean-free path for neutron capture in sodium and aluminum is
extremely long —— of the order of 100 cm for thermal neutrons. 1In coutrast,
the mean-free path for thermal neutron capture in manganese is a few centi-

meters omnly.

Substituting manganese for thorium in the helium-cooled beryllium con-
taiuning (in the form of pebbles) fission-guppressed blanket recently designed
[38] for fusion breeder applications, emergy multiplication of 2,02 and 4.79
are obtained [39] for, respectively, D-T and D-D neutrons. Relative to the
€p—r = 1.50 and ep ;= 4.56 of the reference Cat-D blamket (calculated with
the same data set and calculatiounal tools used for the study of high energy
multiplication blankets), the beryllium—manganese blanket offers, respec—
tively, 35% and 5% higher energy multiplication. Even higher energy multipli-
cation is 1likely to be attainable by optimiziug the beryllium-mauganese

blanket.

Table 14 compares selected characteristics of the TCD reactors of Table
10 with those of the corresponding reactors which use the beryllium-mauganese
blanket. The enmergy multiplication of this blanket are deduced from those
calculated for a Cat-D reactor [39] by subtracting (9.79 — 0.76) = 9,03 MeV
for each neutrou capture in 3He. The number of 3He atoms couverted into tri-
tons per D-T (YD-T) and per D-D (YD-D) neutron are assumed to be those calcu-
lated for the PCA:Hy0:3He blamkets (see Sec. 2.5). In reality we expect a
different split between yp g and Yp-p for the beryllium-maunganese blanket.
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TABLE 14

Effect of a Beryllium-Manganese Blanket on

Selected Characteristics of TCD Reactors*

Case A Case B

Characteristic PCA:H,0 Be:Mn }JPCA:H,0 Be:Mu
a 0.90 0.765
No. D-T per D-D neutrons 1.80 1.64
YD1 0.335 0.295
" D-D 0.465 0.420
ED—D 2.894 3.272 | 3.064 3.475
€ 1.459 1.960 | 1.505 2.013
Relative increase im ¢ (Z) 34.4 33.0
Reduction in COE (%) 8.3 8.1
Estimated COE (mills/kWh) 32.1 33.6

*Corresponding to the reactors of Table 10.

This difference is not expected to affect, uevertineless, the average blanket
energy multiplication. The ~34% iucrease in this average emnergy due to beryl-~
1ium and manganese is estimated (using the informatiou of Table 12) to lead to

a ~8% reduction in the COE.

4.2 Low Cost Shield

It was recently proposed [40] that by using concrete and water as the
primary outboard and pemetration shield coustituents, it might be possible to
reduce the capital cost of a STARFIRE-like tokamak by ~8Z%. A similar effect
is expected in Cat-D and TCD tokamaks. The correspouding savings in the COE
of these fusiou power reactors 1s estimated to be ~7Z. As the total shield
cost for the D-D based reactors is higher than that for the D-T reactor, the
saviog in the shield cost will decrease the absolute difference between the
COE of the D~T and TCD (as well as Cat-D) reactors.

It 1s likely that additiomal cost saving could be arrived at by minimiz-
ing the thickness (and cost) of the imboard blamket and shield [41-43]. Such



45
a thickness reduction might be even more significant for reducing the maximal
toroidal maguetic field strength requirement (for providing a givem fleld in

the plasma) for the TCD mode of operation.

4.3 High Energy Couversion Efficlency

Not required to breed at least one triton per fusion neutroun (and, thus,
having more freedom in material choices, first wall thickness, etc.), and mot
having to comntain lithium in its blanket (and, thus, being free from the upper
temperature constraint imposed by solid breeding materials, and having more
freedom in material choice), blankets for TCD (and Cat-D, etc.) reactors might
be designed to have a higher thermal efficilemecy than that of a D-T reactor.
Assuming that a helium-cooled blanket could be designed to have a thermal
efficiency of 42% (after Ref. 44), it is estimated that the COE of the TCD
ractors of Table 10 can be lowered by ~16%.

Even higher nuclear-to-electrical emnergy conversioun efficiencies might be
realizable if the blanket is designed as a "high temperature” blanket [44-46]).
With their relaxed tritium production requirements aud relatively high (com-
pared with Cat-D reactors) fraction of fusion energy im the form of meutrem
kinetic energy, the TCD mode of operation appears to be more suitable than
either the D-T or Cat-D modes of operation for driving such high temperature
blanket systems [2,47]).

4.4 Discussion

Table 15 summarizes the reductions in the COE which might be obtained by
the possible design improvements described in Secs. 4.1 to 4.3. It 1is
observed that if all three improvements are realizable, the COE estimated for
the TCD reactors may be comparable to that of the reference D~T tokamak, and
lower than that of the Cat-D tokamak.

5. CONCLUDING REMARKS

The preliminary assessment of the promise of the tritium catalyzed deute~
rivm mode of operation for tokamak power reactors carried out im this work in-
dicates that the 3He inveautory and 3He-to-tritium comversiom requirement cau

probably be met without much difficulties. In fact, it 1s very likely that,
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TABLE 15

Summary of Potential Improvements in the Cost of Electricity (COE)
of TCD Versus D-T and Cat-D Reactors

Cost of Electricity (mills/kWh)
tcpP
Scenario -7 Cat-D? Case A Case B
Reference 27.1 46.2 35.0 36.6
(1) Beryllium-manganese blanket — 42.4 32.1 33.6
(2) Low cost shield 25.2 43.0 32.6 34.0
(3) High efficiency ——— 38.8 29.4 30.7
Combined [(1) + (2) + (3)] 25.2 33.1 25.1 26.2

4From Table 9.
bFrom Table 10.

as a result of blanket optimization studies, the 3He inventory could even be

significantly lower than estimated in this work.

The TCD mode of operation alleviates difficulties associated with 3He
recirculation to the plasma which 1s needed for the realization of Cat-D (and
Cat-D~T) systems. These difficulties include the need for the recovery of 3He
from the ash, for its isotopic separation from the helium, and for refueling
the 3He. For Cat-D fusion these operations need be dome many times per 3He
atom (due to the low 3He fusion probability per confinement time) and could
therefore result in non-negligible 3He loss and economic penalty. '

Relative to D-T reacto: , TCD reactors offer the possibility for design-
ing simpler and safer blankets. This is due to the following characteristics

of TCD blankets:

® No necessity for 1incorporating lithium in the blanket. (The
3He-to~-tritium converting system could be restricted to the
outboard blanket, as could the relatively small amount of

1lithium, if tritium assistance 1s called for.)
® No need for peutron multiplying materials.

® ILow (and easy to extract) tritium inventory.



47

® More flexibility 1in materials selection and blanket design,
possibly enabling the design of low activation blankets and
long-life (relative to D~T reactor) first wall system.

The environmental and economic implications of these potential merits need to
be evaluated in detail [along with potential difficulties of TCD blankets
(such as the 3He retention) and TCD plasmas (see in the following)] for the

prospects of TCD reactors to be reliably assessed.

A number of issues associated with the 3He-to-tritium converslion system
for TCD reactors were not addressed in this work. These include: the con-
finement of 3He in the blanket system; 3He makeup; tritium inventory in the
blanket (and in the entire reactor); and out-of~blanket 3He inventory. A
detailed study of these issues need be undertaken before the practical reali-
zation of the TCD mode of operation could be reliably established. Concerning
the 3He makeup issue it ought to be realized that there is no need for main-
taining the 3He in a highly pure 1isotopic state (as 1is required for fueling
Cat~D reactors); all that 18 necessary for the TCD system is to maintain the
desired 3Hz inventory in the blanket. MNevertheless, due to the consumption of
3He, it may be necessary to extract “He (assumed to be fed in along with the

3He) from the helium system.

The TCD mode of operation appears to be compatible with the design of
blankets for high energy multiplication as well as for high temperature opera-
tion. Such blankets are likely to significantly improve the economic viabil-
ity of TCD (as well as of other D-D based) reactors. It is highly recommended
that the feasibility of realistic designs of high multiplication and high tem—
perature TCD blankets be thoroughly explored.

As far as the plasma properties are coacermed, TCD plasmas are character—-
ized by a significantly higher power density than Cat-D (and even Cat-D-T)
plasmas. Being neutron rich (i.e., having significantly higher neutron power
density than Cat-D plasma), TCD reactors can benefit more tham Cat-D reactors
from high energy multiplication blankets. However, as far as the plasma igni-
tion and confinement requirements are concerned, the TCD is more demanding

than the Cat-D mode of operation.

Even though TCD plasmas are lean in 3He and, thus, subjected to lower

radiation energy losses, the fractfon of fusion energy deposited 1in thesge
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plasmas may not be sufficient to allow ignition unless part of the 3He is
recirculated (so as to increase the fraction of the 3He which'fuses). Alter-
natively, ignition could be arrived at by assisting the TCD plasma with trit-
ium bred in the blanket from lithium (in addition to the 3He bred tritium).
Of the two schemes, tritium agssistance 1s likely to be the more economical, as
it increases the relative contribution of the blanket to the reactor power
output, and enables maintaining the plasma with a lower helium concentration
(and hence, lower radiation losses). Electrical heating could also maintain

the TCD plasma energy balance, but is less desirable economically.

The smaller the ion to energy confinement time ratio, the better are the
TCD plasma chances for ignition. The ratio assumed for the present analysis
(after Ref. 23) |is tp/tE = 4, Had 1t been possible to preferentlally
accelerate the leakage of the helium ions without unduly impairing the plasma
energy confinement time, the better becomes the chances of TCD plasmas to

ignite.

Even if having favorable enough energy balance to allow ignition, the
high Bn%max requirements “or confining TCD plasmas to operate at the proper
power density may not be attainable in a tokamak system, unless the § ~ 152
regime is accessible. Magnetic field configurations capable of high plasma
confinement might be more suitable than tokamaks for the TCD mode of opera-
tion. Of the high B altermatives, the compact reversed field pinch (CRFP)
scheme [48] appears quite promising. Thus, a thorough feasibility study of
TCD CRFPRs is highly recommended.

The assessment of the promise of the TCD mode of operation cannot be com—
plete without considering also nonelectrical applications of fusion energy,
notably fissile and synthetic fuel production. A preliminary assessment of
the promise of TCD tokamaks for fissile fuel production has been done already
[5,26]. It appears, though, that being more compact and efficient (in terms
of recirculating power fraction requirements), the TCD tokamak designs of the
present work are likely to offer more economical fusion breeders. The syn—
thetic fuel production abilit} of TCD tokamaks deserve studylng, possibly in
connection with the study of the feasibility and 1implications of high

temperature blankets.

Particularly promising for synfuel production is the Tritium-assisted
Semi-Catalyzed Deuterium (SCD-T) mode of operation in which the 3He extracted
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from the plasma is not converted into tritium; instead, a comparable amount of
tritium is produced in the blanket from 1lithium). In addition to synthetic
fuel, the SCD-T reactor is to produce 3He. This 3He Is to be used as the fuel
(the other fuel, deuterium, is abundant enough) for the relatively clear D-2He
fusion power reactors [25]. Whereas the SCD-T fuel factories could be located
away from population centers, the much “cleaner” (of neutrons, tritium and
1ithiwm) D-3He electricity-generating reactors could be located close to popu-

lation centers.

In fact, the SCD-T mode of operation might be a natural following of D-T
fusion, even 1f the latter is successfully developed and accepted by the pub~-
lic. This can happen ﬁhen the economically recoverable resources of ®Li ave
depleted. By that time huge inventories of 7Li (or depleted lithium) will be
accumulated. This 7Li could provide ample tritium for SCD-T (as weli’as Cat-D

reactors.

In conclusion, we feel that the promise of the partfally catalyzed deu-
terium fusion fuel cycles, 1including the TCD (as well as the TCD-T) and the
SCD-T modes of operation is significant enough to warrant furiaer considera-
tion. It 1is recommended that comprehensive and systematic TCD (and the like)
reactor design studies be undertaken {as our knowledge of the scientific and
technology bases for fusion improves) along with the study of genmeric issues
such as the feasibility of a 1long-life first wall, of high energy

mutiplication and high temperature blankets, etc.
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