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.OPTIMIZATIQN OF FUSION POWER DENSITY IN THE.
TWO-ENERGY-COMPONENT TOKAMAK REACTOR

D. L. JASSBY
Plasma Physics Laboratory,~Princeton University,
Princeton, New Jersey 08540, USA

ABSTRACT
Thé'optimal plasma conditions for maximizing
fusion power density Pf in a beam-driven D-T

. tokamak reactor (TCT) are considered. Given T,

= Ti and fixed total plasma pressure, there is

an optimal neTE for maximizing Pf, viz. neTE
= 4x10"% o 2x10Mem Psec for T, = 3-15 kev
and 200-keV D beams. The corresponding T = (beam

pressure/bulk-plasma pfessure) is 0.96 to 0.70.
meax- increases as Te is~;educed and can be an
order of magnitude larger than the maximum Pf of
'a thermal reactor of the same‘beta, at any tempera-
ture. A lower practical limit to Te may be—set
by requiring a minimum beam power multiplication
Qb. For the purpose of fissile breeding, the mini-
mum Q  ~ 0.6, requiring T 2 3 kev if zZ =1.
"The optimal operatiﬁg conditions of a TCT for

obtaining P are considerably different from

fmax

those for enhancing Qb. Maximizing Pe requires



restricting both T and"n E ’ ﬁaihfaining af.
bulk plasma markedly enrlched in’ trltlum, andi“
 spo1l1ng conflnement of fu51on alphas.; Con51der—
able 1mpur1ty content can be tolerated w1thout

serlously degradlng P and hlgh Z 1mpur1ty

fmaxf

radlatlon may be useful for regulatlng "TE.' '




1.0 INTRODUCTION -

In the two eneréy—component tokamak reactor (TCT), the energy
content of a relatively cold tritium plasma is maintained against
transport and radiation loss by beams of energetic deuterons that
undergo fusion reactions with thg bulk tritons while thermaliéing tl].
It appears that energy "5reak—evén" in a TCT (or in any beam—Heéfed
reactor) can be attained with far less stringent plasma performance
than in other fusion reactor schemes. Iﬁcreasing the energy gain
significantly beyond the break-even level, however, requires con-
siderably. better plasma confinement .and somewhat higher plasma
temperature. [2], and thus considerable improvements in plasma sta-
bility and.purity. On the other hand a TCT plasma with aéproximate_
energy break—éven is characterized by an extremely high fusion power
density even at relatively low plasma temperature, and may be suc-
cessful as an economic breeder of fissile material even when oper-
ating with an overall electrical energy deficit. For this applica-
tioh, the most important system parameter is fusion éower density,
or neutron pfoduction rate, rather than power multiplication.

The purpose of this work is to determine the optimal plasma
conditions for maximizing fusion power density P in the TCT, in
order to optimize the total neutron flux for a given size device.
The . minimum value of fusion power multiplication Q required for
economic operation as a fissile breeder is discussed in Section 2.
Optimization of the plasma conditions for obtaining the ideal maxi-
muﬁ P is considered in Seétioﬁ 33 the important principles of

f
maximizing P, are summarized in Section 3.9. These operating



conditions are contrasted in detail with those for maximizing Q.

The effects of substantial impurity content’oﬁﬂ?{r;aanale as well
as the roles of'impurity fadidtioh and SCatteriﬁ§$§re,discusSed in

Section 4.

2.0 FUSION POWER DENSITY VERSUS POWER MULTIPLICATION
2.1 MINIMUM Q FOR FISSILE BREEDING

A potential practical applicaﬁion of the TCT is the breeding
of fissile material.. A fusion reactor that supplies fissile fuel
to a system of fission plants may operate with gnfoVérall'pOWer multi-
.élication QE
the electrical output of the fission system|mayu5e'aivertetho'sustain

somewhat less than unity, 'since. a certain . fraction of

the fusion breeder. The power flow in the quidn;fission cycle is’

\

shown schematically in Fig. 1. 1In calculating the minimum power gain;

we use the definitions:

_ _out - o, S o -
;n
P_.
Q = o ’ ) : . ) (2)
b~ P o
_ b 4 -
b = P. ’ . (3)
\ in o s

Pout = N(1FAQ) P, L (4)-



~

where Pih and - Pcﬁ are’ the electric power consumption and pro-

t
duction respectively of the fusion reactor, per unit volume: of -the
plasmd; Pb “is the néutral—beam injection power density, the only
significant externai energy source for the plasma (ohmic heating is
negligible at reactor temperatures); Pf is the fusionfpower density,

at 17.6 MeV per. D-T reaction; Qb is the fusion power gain of the
injected beams; n 1is the energy conversion efficiency of the fusion
plant; d 1is the enhancement of the total fusion energy by the blanket

reactions.

..The net power consumption must satisfy the inequality

- < o _ _—
P " Pout - OMPe (5)
where - va is the ratio to 17.6 MeV of the electrical energy pro-
duced in the symbiotic fission reactors per fusion reaction in the.
breeder, and -a. is the fraction of the electrical output of the
fission reactor system that can be used to sustain the fusion

breeder that provides make-up fuel.

Combining Egs. .(1) to (5), we find that

Y l"nb .
Qb'_ b(nd-&aMfT ‘ (6)

and

0..> np + D&(1-nb)

E ~ nd%—aMf : , (7)



For‘illustratiVe‘purposes,Hwe‘consider.near—breedersreaptors
that operate on the U-Th'cycle ‘(such:-as the CANDU reactors ‘[3]):;

then foiz 35 .:~Acéording to Lewis'14],:the electrical feedback

- parameter- a‘:may be as:.large‘as: 0.04 , while n :may.be:taken as-

- 0.40 [5]. ‘Blanket reactions can result in a . wide range of energy

multiplication, depending on the’propQrtionsiof,'Lis, Li7, Be ,

Th , etc., but 'in the absence.of fission reactions, 4 .is in the
range 1.0 to 1.8 [6]. Using these parameters,. Qb' and the corre-
sponding . QE are plotted in Fig. 2 as a function of b. Evi-

dently, Q is rather insensitive . to blanket edergy”multiplication

b

and may be less than unity when P > 0.45Pin} as would be the

-case for a high-power—density redactor with injected beams derived

from negati&e ion sources, and with superconducting toroidal coils.

In principle, high energy neutral beams can be produced with overall
efficiency of 85% [7]; allowing 20% of :Pin :fof the‘tokamak electfi—
¢al systems, then b < 6.68 andJQb'> 0;607 The. corresponding | |

-~

electric power multiplication is. Q. > 0.50, for d = 1.3 or

E ~
22.9 MeV per fusion reaction. (In using the value Mf = 35 P

we have assumed that each fusion neutron breeds one atom of

U-233. It may be necessary to include a thin neutron mﬁltiplying

blanket in order to achieve adequate breeding ratios of both

U-233 and tritium, unless the latter can be bred elséwhere;)

2.2 THE ROLE OF POWER MULTIPLICATION

The two economic restrictions - on fusion breeders are that the

net power consumption be sufficfently small, as discussed in Sec-

tion 2.1, and that the rate of production of fissile material be



sufficiently large so that the capital cost of the breeder can be
recovered in a reasonable time (~10 years). If Qb is incréased
beyond the minimal level shown in Fig. 2(a), the economic advantage
tends to be small, since the electrical output of the symbiotic
fission reactors can be some two orders of magnitude larger than
that of the breeder that maintains their fissile inventory [3].

The principal benefit of increasing Qb is that the neutron out-
put can be enhanced for a given capital investment in neutral

beam facilities.

On the other hand, it may well be desirable to arrange the
plasma conditions so that an increase .in neutron production 1is
possible Qith increased beam injectioﬂ, but with a somewhat smaller
Qb' The reason is simply that if the entire plant is an economic
neutron producer, then since the cost of the beam injectors is less
than that of the total plant cost, it follows that additional injectors
must increase the economic value of the operation; at the same time

the value of Q is of secondary importance, as long as it does not

b
fall below the levels shown in Fig. 2(a).

If the optimal economic strategy is to maximize the
neutron flux for a given.size device, then the preferred
plasma parameters and methods of operation are very different
from those required to maximize the power multiplication QE . In

a beam-heated reactor, 0 is increased by improving the plasma con-

E
finement, increasing the proportion of D in the bulk plasma, and
allowing a larger fraction of the fusion power output to come from

bulk-plasma reactions [2]. An increase in n T allows a reduction

in Pb , so that the relatively small thermal fusion power can



épproach and eventually surpass the injecte§ beam power. Tbis
procedure, however, is not optimal. as fa: as increasing the neytron
flux is concerned. As shown .in Seqtion‘3, at‘deerate temperatures
the fusion power production of a thermal reactor is substantially 
less than that of a TCT with nearly equal beam and bulk-plasma pres-
sufes; to meet the latter condition without raising the plasma

4

temperature requires that the energy confinement time e remain

relatively small, viz. n, Tg in the range 0.5- 2x 10;3cmf3sec. If
the plasma exhibits a tgndency toward larger values of n Tp then
one must take steps to spoil the confinement. Thus for applications
such as fissile breeding, which place a p;emium on neutron production
alone, one may arrive at substantially different conclusions about

the usefulness of various reactor configurations, than if one is

primarily interested in optimizing power multiplication,

3.0 MAXIMIZING FUSION POWER DENSITY

In this report a zero-dimension spatial model is used in order
to facilitate comparison with other results. Of course, this model
is easily extended to include practical radial profiles; the values
of density and temperature used in this report would represent
radially-averaged values for those cases. At any rate the average
plasma pressure allowed in é'tdkamak}dOes‘not depend on the radial
profiles, but only on tbrbfdéi'fiélaﬁ'Bt; Plasma aspect ratio 4A,

and the rotational transform aﬁ'EHégiimiter, q.



3.1 TEMPERATURE DEPENDENCE OF POWER MULTIPLICATION

In this section we briéfly summarize the basics of TCT opera-
tion'[i]. Energetic deuterons injected into\a relativély low-
temperature tritium plasma lose energy by Coulomb collisions with
the bulk-plasma electrons and ions. While thermalizing, the deu-
terons produce Qb times their injected energy~in fusion reactions.

In order to maximize Q the injection energy Wo must be some-

b ?
what above the energy of maximum fusion réactivity (~125 keV). For

Te > 4.4 keV and WO ¥ 150 kev, Qb > 1, and Qb can be as large
as 3 for Te + o (Fig. 3). The energy multiplication factor Qb

is given by the relation

T .

s

JO n,l,o(v)vEf dt . .

Qb = W (8)
o)

where Ty is the "slowing-down" or thermalizing time of the fast

deuterons, o¢(v) 1is the fusion cross-section, Ef = 17.6 MeV,

and n,, is the triton target density. Although Qb can be in-
creased by raising Te , the latter tends to be limited by the
maximum allowed beta of the plasma, and by the possibility of e
rapidly decreasing at large Te (because of-trapped—particle in~-
stabilities [8]). At T, Z 15 keV the fusion production rate

of a thermal D-T plasma (but not heated by beams) becomes com-
parable to that of a TCT, so that at high temperatures it may be
appropriate to combine characteristics of both techniques. In

this work we shall limit our considerations to plasmas of Te

< 15 kev, and thus 'Qb < 2, but we note that the peak T,
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in a tokamak is-about twice the averdge: Te’ "to  which our cal-.
culations apply. Actually Qb - can be further increased,fof the
same Te by making use of "energyjclamping"‘techniques [2,9],

which are briefly discussed in Section 3.8. A «
The results of Fig. 3 apply to plasmas with ion temperature

T, = 0. In practice T, » T, , because roughly half the beam

energy is given up to the bulk ions [10], while the eiectron—ion

equilibration time tends to be comparable to T For finite Ti

E°
~the results of Fig. 3 are‘significantly modifiéd at Wo < 100 kev,

but are ‘only slightly altered at W, > 150 kev, which is the range
of interest in this work [ll]. The plasma density enters the .cal-

culation of Q only through 1n A factors, so that the values of

b

Q tend to increase by approximately 5% per decade of electron

b
density ng . 4 _ |
‘3.2 OPTIMAL CONFINEMENT TIME

In addition to the requirements on Te and WO shown in
Fig. 3, there are two other conditions"fof TCT operation that

concern the confinémént times of the fast deuterons aﬁd the bulk

plasma. First, the lifetime Th of'the fast ions must be greater

than Ty s in order that the full power gain Q_ be realized.

b

Second, in order that Qb define the fusion gain of the entire
beam-plasma system,‘all the energy loss of the bulk plésma hqst
be made up by the injected beams; that is

(3/2)(nTTi-knéTé)

PbA= Ibwo = T ' (9)
o LB |
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where I is the injection current, and 1 is the energy con-

b E
finement time of the bulk plésma. T takes into account all energy

E
loss channels, including particle transport,rchérge—exchange, and
radiation. (We neglect ohmic heating, which tends to be insignifi-
cant for Te 2 3 kev in a largeidevice, and alpha-particle heating,
which we consider in Section 3.7. At the large power densities
required here, hydrogenic bremsstrahlung is negligible. The effect.
of impurity radiation is considered in Section 4.2.)

Since Ib = nb/Ts , Where n, is the beam-ion density, Eq.

(9) leads to the definition

suprathermal-ion energy density

I = bulk~plasma energy density
(3/2)(nTTi-+neTe) T WO
where the average beam energy. Wb x (l/2)WO. (The exact expres-
sion for Wb is given later; note that previous references [1,2]
have defined a quantity I in terms of anO.)- In principle, e
can be made arbitrarily small, with no reduction in Te’ simply
by increasing Ib. In the absence of a pressﬁre limitation on the
plasma, this increase in Ib would always result in an increase
in Pf . .However, there are two factors that lead to an optimal
value TF' and thus a maximum in Pf:
(i) The plasma pressure is limited to the
maximum allowed by MHD equilibrium, that
is, )
Lo 1 Bt
— < —_—
P (nTTi-fneTe)(l-+F) = 8n 2 . ‘ (11)

g A



(ii)
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For MHD-stable operation, ‘g -cannot

drop below about 2.5, Hence, an in-

crease in T necessarlly leads to a
‘decrease in- né” "and target density

I

T

.Charge neutrality .requires that

n =n. +n .' . o (12)

Hence large beam densities appreciably

reduce nT/ne.

These are two other important consideration that tend to restrict'

|
i

the maximum injection current:

(iii)

(iv)

Large values of T - may 1ead_to the onset
of instabilities, althouéh'receht stability
analysis [12] indicate that systems with

F ~ 1 should be stable, at least for
tangential injection. '

Since’ the fast-ion lifetime 7T, must be at

h
r *fl _Ih_<must

This situa-

least as large as 71, when

be appreciably longer than fﬁ.

' tion seems to be the case in present-day

tokamaks [8], and will probably always be -
true if an appreciable part of the plasma ,
energy loss is due to radiation or diffusion

by electrostatic iinstabilities [12].

The remainder of this section is devoted to finding the optimal

T for maximum P, in accordance with points (i) and (ii) above.

For the present we neglect 1mpur1t1es, ‘the pressure of fu51on alphas,

[

and the bulldup of deuterons in the bulk plasma.. The constant-

pressure restriction is



_ L2 = .
p = (ne-i-nT)Te + 3 nbwb = constant (13)

where we take Ti = Te and assume an isotropic steady-state supra-

thermal ion velocity distribution, such as resulting from injection
of beams both tangential and perpendicular to the toroidal current.
The steady-state fast-ion energy distribution is [12].

w1/2

f(W) = , Ww_ and (14)
w2 4 w(3:72 ©

where the "critical energy" W, is that at which the electron and

bulk-ion drags are equal [10]; for D on T and .nT = ne ’ Wc

= 14.2T_ . The derivation of Eq. (14) assumes that W, and W,

>> Te = Ti' Using Egq. (l14), we get

W

J © wEf(wW) aw

. _

b Wy n [1L+ (W /W )2
J £ (W) dw o ¢

0

(3/2) G, W, (15)

where Ge is the fraction of the injected beam energy that goes

directly to the electrons, and depends only on WO/Wc [10]. Figure 4 shows

W as a function of T and W_ . For maximum @, , W should
b e o} b o}

be in the range 150 - 250 kev (Fig. 3). 1In order to get adequate
beam penetration [13], the choice‘of Wo must be partly determined

by the product Héa , where a is the plasma radius.

Using Egs. (9), (12) and (13), we find that
QW n ‘ o '
pf=_b_.ﬁ_°_(1_n_T)( P , )2 g
s eo e .(2/3)[1f'(nT/ne)]Wb4-[l+—(nT/ne)]Te (16)



-

'Where TS is anlcalculated at néo (which is arbitrary). The

curves in Fig. 3 were derived assuming Np = D, s but in fact

both Qb :and-ATs,:depend on~wnT/ne,_,;Qne,can easily show that
Qb/'rs o (Qbo/rso)(nT/né),, Where-«Qbosfand oo are ca}culated'“A

for n,i,/ne = 1.-..0nce Wo -and - Té“‘are chosen, the optimal value -

of nT/ne is found by max;mlzlng@_Pf'. Then ‘nb/ne, N and I are

found from Eqs.‘(lz), (13), and (10) respectively. TE is calculated

from Eq. (9), using I, = nb/Ts'*and*.Ti = Te. Results are shown

b
in Figs. 5, 6, and 7 for p = 0.655 J/cm3, cbfresponding to B,
= 60 kG, A = 3.5, q.=,2.5;_-,(The aépect.ratib_cannot be lowered .
below ,3.5_in?a_rélatively small.reactor,vsuchAas appropriate for

a bregder,abecause of the blanket thickness. For B, = 60 kG :on-
o axis, the maximum field at the inner coil wall is about lSQ:kG,_f
or considerably less than the critical field for NbSn.) | |

Perhaps the most interesting:result'is thatbe_.is nearly

inversely proportional to 'Té.' ‘This behavior cén_be seen gquali-

tatively using Eg. (13), with T ~ 1:

~

n, - —B - o.ooan

where we have ignored changes in the ayeragé fusion reactivity

B . T e A : : S -,
(W, 'chaqgeé thh_‘Te), and have taken np ¥ ng ﬂ-181ncg ‘Pge f.p ’
it is advantageous to work at the‘highest possible beta, as in a
thermonuclear reactor.

The minimum Te is limited to 3 -5 keV, because of the
criterion, discussed in Section 2.1, that Qb 2:0.6 . Thus the

optimal values. of ‘T 1lie .in the range 0.7 -0.9, or somewhat
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: iarger than the values normally required for a power multiplying
device [2]. (Note that in Ref. [2], the quantity T is defined

in terms of W rather than Wg ; the ratio T/I' is given in

Fig. 4.)
Another important result is that for maximum Pf, Tp must

be a factor 1.3 -2 times smaller than Tg < T But as shown in

h*

Fig. 8, Pf is not very sensitive to TE/TS , as long as T

< Ty - In view of present experiments, it seems likely that for

E

a device of practical size, i.e., a > 100 cm, Ty will be at least
as large as the values of Tg in Fig. 6, viz. 40 - 300 msec. Since

T may be comparable to at least at low Té, measures will

E Th'
probably have to be taken to decrease e by a significant factor.
Possible means of accomplishing this, such as enhanced radiation
and the degradation of plasma stability, will be discussed in

later sections.

3.3 PREFERRED OPERATING TEMPERATURE

In a high power-density TCT, the cost of the beam injectors
is likely to be of the same magnitude as the cost of the tokamak
facilities. Thus the cost-effectiveness of the breeder plant
may be taken approximately as the total neutron production rate
times the neutron output per injected ion, a quantity which is
measured by Pbe. As shown in Fig. 9, Pbe has an extended maximum
at Te = 2 - 8‘ker .If 1onngulse, high duty-factor operation is
precluded by impurity buildup, for example, it might appear that

one should opefate’at very small Te' where P is largest. But

fmax

there are several practical reasons for preferring the range

T =5 - 10 keV:
e
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(1) There may be ‘some economic’ advantage to
have Qb .larger than the minimum of
Fig. 2(a) (for-example, to reduce the

injector cost).

(ii) As showp in Fig. 9, Pb. increases ex-
tremely rapidly at small 'Té, so that a
substantial fraction of the vacuum wall
area miéht have to be taken up by neutral-

beam apertures.

(iii) The large values of n_ ' required to
maximize Pf at low ‘Te makes beam pene-
tration difficult unless the plasma radius
is very small, or unless wo is consider-
ably larger than 200 keV. But Qb de-

creases at larger .Wé (Fig. 3).

(iv) The large densities at low T, may lower
. the Alfvén velocity below the beam velocity,"

thus exciting Alfvén instabilities [12].
| As a compromise between these disadvantages of low—Te opera-
tion and the need for large . Pf, Te = 6 keV seems to be a desirable
operating pbint. The corresponding plésma parameters are listed in
Table 1. If the plasma radius is 1 m, then the confinement time
predicted by tfapped—ion scaling [8] for. Z = 1 is about SOTE“,

while the "Bohm diffusion" time is about O.lrE.. ~

3.4 COMPARISON WITH A-THERMONUCLEAR REACTOR AND Qf VERSUS Pf

Figure 10 compares the maximum Pfl.in a TCT with Pf for a,

50:50 D-T reactor in which all fusion energy is produced by bulk-
plasma reactions (i.e.,_a_onefeng;gyfgomppnent plasma). The plasma

pressure in the latter is the same as the total pressure in the TCT



=17~ .

TABLE 1. PREFERRED OPERATING PARAMETERS FOR

Bt = 60 kG, Bp = A = 3.5, g = 2.5, Wo = 200 keV.

T = T, 6.0 keV

e i :

n : 2.0 x 101,4cm_3

e .

Th = TS 83 msec

e 48 msec

neTE 9.5 x lOlzcm—3sec
T 0.84

3

Pf 13.6 W/cm

Qb 1.24

Q 0.70 for b = 0.68, d =1.3




case. While TE in the TCT case must be the value shown in

Fig. 6, Tg in the thermonuclear plasma is somewhat arbitrary,
N .

but if the thermonuclear plasma is heatéed by injected (nonreacting)
‘must be sufficiently large so that the beam pressure

beams, itSVTE

is negligible. If we further specify that the fusion power gain in

both céses be at least 0.60 , then the minimum values of neTE

are those shown in Fig. 11. For the one-component plasma, we have

found n.Tg from
(l/4)n§5§Ef\ e
Q =0.60 = 3n T /g

For the two-component case, Qb > 0.8 for the temperatu;e range
showﬁi(cf. Fig. 5). For larger Vélues of Te , the two cases have
similar n Ty and Pf" For the preferred TCT case given in Table

1 (Te =6 keV), Pf is a factor of 4 larger than the maximum Pf
attainable with the one-component plasma a£ any temperature. In

the optimal temperature range for the latter (12-15 kev), the re-
. quired n Ty for Q = 1.2 is a factor of 5 larger than in the
TCT case. -In the event that'large plasma temperatures cannot be
attained, the superiority of the "pure" TCT as a neutron prodhcer
is even mére striking.

As mentioned earliér, thg'total fusion gain Qf of a TCT can

E

as well as the proportion of D in the bulk plasma, so that a larger

be raised beyond the values shown in Fig. 3 by increasing n 1

fraction of the fusion energy comes from thermonuclear reactions [2].

Then neglecting alpha pafticles, we have



b b (19)

where P is given by Eq. (9), with n replaced by n, = nT4-nD,

b T
where ny is the bulk-deuteron density; Qb is still given by
Eg. (8). For each value of neTE , there is an optimal value of
nT/ni for maximizing Qf. Figure 12 shows maximum Qf and the
corresponding nT/ni for Te = Ti = 8 keV. The contribution to
Pf from the beam is given by Eq. (16), with nn, again replaced
by n, . Evidently maximum Pf is attained for an n To that
allows only small Qf. As n_ Te increases and nD/nT approaches

1, Pf goes over to the one-component value shown in Fig. 10.

Figure 13 shows Qf vs Pf for a number of plasma temperatures.

Each point on a constant—Te curve corresponds to a particular value

of n, Tg with' nT/ni optimized to give maximum Qf. The maxi-
mum values of Pf .are attained at n.Tg corresponding to the right-~-
hand extremities of the curves. The important features of these .

curves are the following:

(i) The largest values of Pf are attained at

low values of Qf, reflecting the greater

fusion reactivity of "pure" TCT operation.
(ii) The initial rise of Pf with n, Tg is

due to the increase in target density as

T 1is reduced.

(iii) At low Te , the thermonuclear reaction rate
is so small that substantial n Ty 1s re-
quired before nT/ni can be reduced. The
reduction in P as n_T is increased is

f e E
due to reduction in beam density.
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(iv) The curves for Te > 12 kev, if plotted,
would cross the 12 keV curve, since maxi-
mum ,PE for one-component- operation is.

attained here.
Figﬁres 12 and 13 clearly demonstrate that the plasma con-

ditions for maximum P are markedly different from those for maxi-

f
mum Qf. In maximizing neutron production, the most important con-
finement role of the tokamak is adequate confinement of the fast deu-
terons. The plasma throughput must be sufficient to carry away the
energy depoéited by the fast ions without undergoing a temperature
increase, and in’this respect the device is analogous to proposed
gas-target neutron soﬁrces [14], where the gas (n ~ lOlgcm"3) flows
rapidly through the beam interaction region in order to dissipate

the beam_energy.» In fact, the latter system is the logical exten- .
sion of‘thgliqnge extremes of Figs. 5 ahd 6, where enormous .ff

can be attained at small n provided that () is unimportant,

e'E’
and when beam penetration of the large target density is feasible. .
In the two-component mirror [15], the bulk plasma is again a flowing

target, with no. axial confinement, while the energetic ions are

confined by mdgnetic mirrors.

3.5 TCT WITH 50:50 D-T BULK PLASMA

For economic operation, a tokamak operated primarily as a
neutron p;oducer ﬁust have a large duty factor. Because-of the
finite time‘réquired'fdr current builaup at‘thé‘begiﬁning of the
discharge, and Vaguum purging at the end,. discharge times of at
least 10 sec are essential. The éuestion then arises as to whether

the plasma density is to be maintained by neutral particle recycling,
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or by pellet injection. Even if

T, = Ts , So that the deuterons

h

exit from the plasma as soon as they slow down, it is inevitable

that if recycling is permitted,

D will build up in the plasma —

even past the 50% level. Since L 100 msec, and nb/ne ~ 0.1,

in 10 sec about 10 times as many

duced to the system as there are tritons in the plasma.

deuterons will have been intro-

Thus if

the bulk plasma is to remain essentially tritium, neutral recycling

must be avoided, presumably by means of a divertor that captures

all diffusing plasma ions. At the

be replenished by injection of tritium pellets.

ions are not captured and removed

same time, the bulk plasma must
Even if diffusing

from the plasma chamber, it may

be possible to maintain an essentially 100% T plasma by vigorous

pellet injection,

force ejection of electrons and inwardly diffusing ions.

since the beta limitation on the plasma would

(In fact,

pellet injection is a possible means of limiting TE.)

If neutral recycling is unavoidable then one must resort to

using both T and D beams, maintaining a plasma composition of

50:50 D-T,
beam-beam fusion reactions.
with

the value for D on T [1l6],

times the value for D on T. 1In
(from beam-plasma reactions) will
for the 100%-T bulk-plasma case.

beam interactions is significant,

(Fig.

and taking advantage of beam-plasma, bulk-plasma,

For T on

and
D, Qb is about 80% of
the corresponding WO about 1.5
that case, both Qb and Pf

be approximately 0.5 the values

The contribution to Pf from beam-

since nb/ne can be substantial

7) and the relative velocity between D and T beam ions,

if injected oppositely, can be large even for ions that have lost

most of their energy.
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Figure 14 shows the contribution to fusion power density of
the three types of reactions. As before, n_ Tg has been chosen

to maximize be) the contribution to 'Pf from beam-plasma
reactions. 1In calculating the thermal contribution, n_ is taken
4from Fig. 6 and ni/n‘e from Fig. 7. The contribution to Pf from
beam-beam reactions is given approximately by O'SEHﬂ)nb/ni . Evi-
‘dently contributions erm both beam-beam and thermal reactions are
negligible for T_ Z 8 kev, and even at higher T, the beam-plasma
reactions are dominant. At Te = 2 keV, the total Pf is 49% of
the "pure TCT" value, but the ratio increases steadily to 65% at
10 keV and 81% at 16 keV.

The total 'Pf can probably be increased slightly by altering

n_ Tp from the optimal value for 'be. Thus the fusion power
density of the TCT will not be drastically reduced by a mixed composi-
tion»of the bulk plasma, but the minimum Qb requirement may demand
operation at Tefi 6 kev. | |

It is worth emphasizing that for long-duration discharges,

refueling of the plasma can probably be accomplished by the beams

together with neutral recycling; the importance of the latter is

greatly reduced if »Tp >> g

3.6 FURTHER INCREASES IN BETA

As noted earlier, Pf is approximately proportional to p2,
so that the use of plasmas (and coils) of noncircular minor cross-
section.[L?]would-be advantageous, provided that the stability of
such plasmas can be.verified. Thus with a vertical elongation of

the plasma by a factor of 1.5, p could be increased by a faétor
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of 1.6 (for the same q), leading to an increase in Pf of a

factor of 2.6 . However, there are two pitfalls to this procedure

(cf. Section 3.3):

(i) If ng is significantly increased, beam
penetration will not be adequate unless the
plasma radius is very small. But the minimum
thickness of the blanket, and the sizeable
wall area that must be taken up by beam
apertures, indicate that economic operation
is not possible for a < 75 cm.

(ii) Large n, may lower the Alfvén velocity
below the beam velocity, thus exciting

Alfvén instabilities [12].
Alternatively, Te rather than ne could be increased, al-

though the increase in Pf would be smaller. Finally, one could

operate at the same p with a much smaller B but the savings

t [4
in machine cost are likely to be rather minor in a reactor with one-
half or more of the cost accounted for by beam injectors.

To achieve good MHD stability affording the largest possible

Tg v present experiments indicate [8] that one should operate at:

g(a) > 3. But in order to maximize Py, we have seen that Tﬁ
probably needs to be degraded from the values likely to be attain-
able in plasmas with a > 100 cm, so that the MHD activity occurring
at g(a) = 2.5, for example, may actually be welcome. In this

paper we have taken g(a) = 2.5 as "standard," but in larger devices

where we reguire the same T and where the current distribution

E 14
is flatter, it may be possible to operate at g(a) = 2.0. Since

.Pf o q-4} a factor of 2 increase in P would be attainable, or

a 20% smaller Bt could be uséd for the same Pf.
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3.7 THE EFFECT OF ALPHA-PARTICLE RETENTION-

In previous sections we have assumed that the alphas resulting
from D-T fusions immediately escape from the plasma. 1In fact the
plasma current in a practlcal neutron producer (I > 2 MA) will be

quite adequate for retalnlng most of the alphas [18], so_that their

effect on P must be taken into account. Thé energy balance equa-

f
tion is now
(n.T.+n T )
_ 3 i ee
Pp = 37 T . Py (20)
E
where Pa'= 0.20Qbe, while the pressure equation becomes
2 = . naW&
p=(n +n)T + = n W (1 + -} = constant . (21)
e T "e 3 bb 3
. anb

The ratio of alpha pressure to beam pressure is

oo "so Wa Wb
- 'W— —— - (22)
W .
b

This.quantity (aivided by 0.20Qb) is plotted in Fig. 15. 1In the |
temperature range of interest, Te = 5-10kkev, the ratio of.alpha
to beam pressure is appronimately‘O.ZOQb. Thus“to'maintain the
plasma temperature, Pb"must be reduced by a factor of 1. 2Qb

(Eg. 20), and the correspondlng reductlon in beam pressure will
closely compensate for the 1ncrease in alpha pressure (Eq. 21).
Then (ne4-nT) N constant but to preserve charge neutrality, n,

must decrease and nn must 1ncrease by the amount 0. lOQb bo
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where n is the beam density in the absence of alphas. (The

bo
effect of the alphas on charge neutrality is negligible.) The

net result is that

Pe = npny

(l-+0.20Qb)—l(l-FO.lOanbo/nTo) i (23)

= nbonTo

Thus if all alphas are fetained, in the temperature range of interest
Pf will be reduced by about 20% (although Qb is essentially un-
changed) .

The alpha loss rate can be markedly enhanced by creating a
loss cone via ripple in Bt [19]. However, this measure might
also lead to loss of beam ionshif they scatter appreciably before
slowing down, which will be the case for 2 2 3. (Actually, such
a technique might be useful in minimizing dilution of the triton
target plasma; if the deuterons escape with W < 50 kev, 1little
fusion energy will be lost.) In a practical reactor, the beam in-
jectors will attempt to concentrate the deuterons in the central
region of the discharge, while the alphas will be distributed fairly
uniformly becauée of their large orbits. If the field ripple can
be localized to the outer region of the plasma, then only alphas

should be lost, and the reduction in maximum P_ can probably be

f
limited to 10%. In the case of a TCT with a 50:50 D-T bulk plasma,

the reduction in P_ will be evéen less because of the smaller Qb of

f
this plasma.

For a D-T bulk plasma with substantial neTE,'alpha energy

deposition allows Pb to be further reduced, thus increasing Qf

until at sufficiently large- néTE

ignition is attained (Pb= 0) [2];
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Pe is then somewhat smaller then the one-component values- (e.g.,
see Fig. 10), siﬁce the alpha'pfessﬁre forces a reduction in nD'

= n Thus retaining alphas is desirable for maximizihg Qf,

T
but necessarily leads to a reduction in Pe

3.8 ENERGY CLAMPING

~

Techniques are known by which the energy of suprathermal ions
can be.sustaigéd.for appreciable periods [2,9], so that injected
deuterons, for example, may be kept near the optimal energy for
fusion reactivity. Of the various techniques, toroidal-electric-
field clamping and "wobble" clamping methods seem possible candi-
dates for the present application. But for Et clamping to be
effegtive, all the deuterons must be injected in the same direction,
-whichumight seriously damage the plasma equilibrium. Thus a
"wobble" technique such as rigid displacement of thé plasma

column at the ion transit frequency around the torus ([9] would,

seem to be necessary.

Although energy-clamping is capable of almost doubling Qb’-"

for this purpose a clamping period T >> T is required (unless.

one can utilize decompression [9]). But if we are not particularly
conce:ﬁed with increasing Qb + then even with L considerably
less than__Ts' the probability of fusion for each ion is enhanced.

Application of clamping would result in Wb

values given in Fig. 4. However, n, can be reduced only slightly,

since beam power loss increases only slightly with increasing W in

being larger than the

the range 50 - 200 keV. Thus'(ne-+nT) must be reduced [cf. Eq. (13)],

and the resultant déprease.in target density must be offset by the
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increase in ov due to énergy clamping. Although an increase in

P is not necessarily attained, the same Pf is obtained with a

f
smaller injection capacify. Thus we are exchanging beam injectors
for volt-seconds in the ohmicjheating circuit, in the case of Et
clamping, or stored energy in the vertical field circuit, in the
case of "wobble" clamping. Since the basic goal is to exchange
electrical energy for neutron production at the lowést possible
capital cost, the édvantagé of energy clamping therefore depends

on the relative cost of the additional electrical components com-
pared to the beam injectors eliminated.

On the other hand, any "bootstrap clamping"” method, by which
the bulk plasﬁa transfers some of its thermal energy back to the
beam ions [9], would be desirable. One plasma-clamping effect that
may lead to a 5-10% increase in neutron production is the classi-

cal scattering of injected ions to higher energies by the thermal

motion of bulk-plasma particles [12].

3.9 PRINCIPLES OF MAXIMIZING FUSION POWER DENSITY

The optimal operating conditions of a TCT for obtaining
maximum Pf are summarized in the following:

(1) The plasma pressure p should be as large as pos-
sible, so that Bt should be as large as practical,
and g may be reduced until the resulting MHD

activity lowers n,T below the optimal value.

E

(2) For a given p and T, T has an optimal value

(Fig. 5) which thereby fixes optimal values of n,

Th and nT/ne (Figs. 6 and 7). The optimal T 1s 0.5

to 0.8 times the desired fast-ion lifetime (Fig. 8).
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(3) Alpha confinement should be reduced as far as pos-
sible without losing energetic beam ions in the

process.

'(4) The optlmal T ) 1ncreases w1th the minimum re-
.qulred Q (Flg. 5), but if low Q " ‘and high ’ne
can be tolerated;"smaller Te ‘gives the largest
Pe. |

(5) Energy clamping is . desirable only if the cost of
thelelectrieal components required for clamping

.is'less'than that of the injectors eliminated.

(6) Dilution of the tritium bulk plasma by neutral
recycling of deuteéerons should be avoided, either
by capture of diffusing ions in a.divertor or by
vigo:ousAinjection of tritium pellets.

In a large’device, special measufes may have to be taken to

reduce Tp to the optimal value:
(L) Reduction.in q, provided that the resultant MHD
. act1v1ty does not 1ead to loss of beam ions before

.they slow down.
(2) Addition of high-7 impurities to enhance radiation
' loss. This possibility is discussed in Section 4.
(3) At large Te; synchrotron radiation loss could be

important.

(4)'Introduction of asymmetry in the magnetic field con-

figuration.

(5)‘V1gorous pellet 1njectlon, effectlvely 1ncreas1ng the

spec1f1c heat of the bulk plasma.
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4,0 THE ROLE OF IMPURITY IONS

4.1 EFFECT OF IMPURITY CONTENT ON P AND Qb

f
The presence of impurity ions forces a reduction in the triton-
target density, because the impurity charge must be neutralized
under the restriction of constant total plasma pressure. This
depletion of tritons adversely affects Pe and Qb , but impurity
radiation may be welcome for regulating Th (cf. Section 4.2). 1In
this section we consider how the results of Section 3 are modified
by the inclusion in the plasma of a single impurity specie of charge

Z and density n In the following we treat a steady-state

I I’
impurity population, with all enerqy losses involved in impurity
radiation accounted for in TE.' The impurity ions can be expected
to exist in good thermal equilibrium with the tritons and electrons.

Then the relevant equations for calculating Pf are

_ ano _ (3/2)(nT+nI+ne)Te
P, = = ' (24)
b T T
] E
n, = ng + ny + ZInI ’ (25)
P= (np+n +n)T  + 2 0 W, = constant . , (26)

I e’ e 3 b'b

W is calculated from Eq. (15), ﬁsing [10]

o]

v %1 Z1P1 )2/3

- 1 T, 1
W, = 14.8TM<MTn M (27)
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where M M and M. are. the atomic masses of the deuteron,

D' T’ I

triton, and impurity ions, respectively. For a given impurity
ion, ZI/MI depends on Te’ ng, and the ion lifetime, T
From ionization-rate calculations [20] in the rangé ‘Te = 3-15

keV,‘it appears that ZI/MI. can be represented approximately as

follows:

. < . . -/ N .
7.5 20 ©.Zi/Mp = 0.50
20 < 7, £ 35 = 0.45
35 < 2. £ 50 = 0.40
Z. > 50 %.0.35 .

Q W_n n Z_n
Pp = QP ¥ 2 g o5 (1 - f - = F)nf (28)
SO eo e e e
where
n_ = B — — . (29)
(2/3) [1 - (nT/ne) - (ZInI/ne)}W]D + [1+ (nT/ne) + (nI/ne)]Te
As 1n,Eq.'(16), Tso is calcglated at Doy » and both Qbo and
T are evaluated for n_/n_ = 1.
1o T e
The impurity concentration is often expressed in terms of
an "effective 2Z," where
n.+n + n.z2
2 __T" b I°1 : (30)
eff ) e .
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Hence
1 _ Zoge~ 1 . , (31)
n z_ (z_.-1) ° '
e I'°1

For given values of Z_ "and Zeff , the optimal value of nT/ne

I
is found as before by maximizing Pf . The corresponding nb/ne ’
ng and Tp are found from Egs. (25), (29), and (24), respec-

tively. T is found from

an

L= T/ g +n

. ' (32)
I-i-ne)Te

The maximum values of Pf are given in Fig. 16 for Te

I
-

= Ti = 6.0 keV, a preferred operating temperature when 2
(cf. Table 1). The corresponding values of Qb are given in

Fig. 17. Evidently P is reduced by a smaller factor than

fmax

the reduction in Qb , for a given impurity content. For example,

if 2z = 7 in fully-ionized iron (ZI = 26), is reduced

eff
by 17% while Qb is reduced by 30%. The difference in the reduc-

meax

tion factors is explained by the fact that the beam slowing-down
time decreases with increasing Zeff-’ so that a larger beam cur-
rent Can be injected for the same total p, thus tending to main-
tain Pf while Qb drops. One can roughly characterize thé situa-
tion by stating that the addition of impurities gives almost the
same fusion power output at the cost of a smaller Qb’ thus re-
quiring a larger investment in beam injector capacity.

It is evident from Fig. 16 that stringent impurity control
is unnecessary in a TCT whose main purpose is neutron production at

low Q. Even for Zeff = 10 caused by ions sputtered from the
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vacuum wall (steel or niobium), the reduction in Pf is at most
'30%, while at 6 keV Qb . is still~aque_the:desired minimum level
for a fissile breeder of 0.6 . Howevef, as discussed in the next

section, impurity'radiation-must not reduce fE appreciably below -

the optimal value. One adverse effectuof a large impurity content
is that.the‘mean—freerpath fqr iqnization of a neutral beam with

wé 2200 keV may decrease significantly with increasing Zeff' \Thﬁs
'higheribeém energies may be required for adequéte penetration,

-resulting in smaller Qb (cf. Fig. 35;

4.2 USE OF IMPURITY RADIATION TO .REGULATETE

The optimal T for maximizing Pf is about half the required

beam-ion lifetime (~Ts), but a large plasma may be characterized by

an neTE' considerably greater than the optimal value. While the

particle lifetime s and‘thus' e

g or degrading the magnetic symmetry, there exists the possibility

can be reduced by decreasing

that these measures may also damage the beam confinement. One way

to decrease g without affecting Ty or Tp is the enhancement

of radiation by introduction of high-Z impurities. The concomitant

reduction in OQ may be warranted by the increase in Pf as: T

b
is lowered toward the optimal value.

E

The power losses associated with impurities are (1) énhanced
bremsstrahlung; (2) 1iﬂe radiapion;‘(3) recombination radiation;
(4) energy requiréd ﬁor stripping eleptroﬂs, including excitatibn;
(5) heating of the stripped_electrons. The_relation between 1

p

and Tg 18

p . . _
- ,£§§ o . S (33)

~l oA
CH
] :
s
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where Prad is the total power density associated with 'impurity

loss, and Pb is the injected beam power density. Here we assume

that Tp is the same as the heat conduction loss time.

Bremsstrahlung radiation power is given by

= -31 _2,.1/2
Pbrem‘_ 5.8x10 neTe Zeff (34)

where Te is in keV. tends to be many times smaller

Pbrem
than line radiation from partially stripped ions that hold at

least three electrons. The latter is given approximately by

{20,21]
n
P. = 1.5x10726 _L,2 (35)
L n e
e
where nI/ne is given by Eq. (31). Recombination radiation is-

important only for completely stripped ions, and is smaller
than line radiation for 2 < 40. For Te < 15 keV and n_ Ty
< 2% 1013cm_3 , ions with Z > 40 will never be completely stripped
[20], so that line radiation is always dominant.

The sum of the ionization energies required for stripping
tends to be a small fraction of the excitation radiation loss
during the stripping process [21]. The excitation power loss
during ionization of incoming impurity ions is siﬁilar to P, .,
provided that at least three electrons remain. This effect is

important, since for high-Z impurities, the time{required for the

maximum ionization appropriate to the local Te may approach
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lTI [20]. Heating. of the sfrippedfelectrons is a factor already

taken into acéount.proVided that -Tifz Tp , as seems likely.

\Thus all radiation loss can.be essentially accounted for
by Egs. (34) and (35). For low-Z ions that are completely strip-

ped, recombination radiation power is smaller than P_, but Eq. (35)

LI
reasonably describes radiation loss during the ionization process.’
. A . .

Figure 18 shows the ratio of Prad = Pbrem + PL to the beam power

density required to maintain thedplasmé temperature at 6.0 keVv,
v . . /
when Tw is the value that allows maximum Pf, given in Fig.  16;

the plasma contains a single impurity of charge ZI and concentra-

tion Zeff . (Although the impurity ions may actually exist in

various degrees of ionization, PL depends only on the impurity

density.) « If, for example, Tp is just equal to the minimum re-

quired beam confinement time (:Ts), Ty can be reduced to the
optimal value if -Prad/Pb.: 0.4 (cf. Fig. 8). This reduction in
T Occurs with- Zeff\= 5 'in iron or- Zéff'; 9 in niobium, which

will be 38 times ionized at 6 kev. Of course, in the absence of
impurities, 'Pf may be equally as large when _TE/TP = 1, but this
example shows that a large impurity'content may-. in fact have no
effect on Pf‘(although it does lower Qb).,'i

For large plasmas where ‘Tp may be much greater-than Tg v

p may be only a fraction of its maximum value unless. T1_ |is

f E
drastically reduced. If for~example, Ts/Tp-= 0.3, ‘so that

Pf/Pfmax z 0.4. whep Z. =1 (cf. Fig. 8), addition of argon in the
amount Zeff =5 -will allow Pf; to -increase by about 80%, while .
Qb is decreased by 30%. "Here we-have assumed that the sum of

excitation and recombination radiation in argon (Z = 18) is

P
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comparable to . PL; the same result can be attained with Zeff
= 8 - in iron. This beneficial effect of a large impurity con-

centration is in sharp contrast to the case of an ignition-type
reactor, since Zeff ~ 10 in tungsten, for example, completely

prevents ignition at any temperature [22].

4.3 EFFECT OF IMPURITY SCATTERING

For ' Zeff > 1, beam ions injected tangentially are scattered
through 90° before slowing down. If Zeff >> 1, supfathermal
ions will undergo trapping and detrapping in banana orbits, and

these orbits may eventually diffuse across the plasma. The radial

diffusion time T’ is

'p a,2 'scat 1
— = (5 T 3 (36)
s [} eff
where A 1is the gyroradius in the poloidal field and Tocat is
o 1 i = =
the 90° scattering time for Zofs 1. If Te 6.0 kev, Tscat/Ts

¥ 0.4 for 200 keV deuterons, while 3.5 MeV alphas do not signi-
ficantly scatter until they have lost at least 90% of their energy.
At higher Te’ scattering is more important. .For a given ion, A

is determined by I/a, whi¢h is fixed once B A and g are

t ’
specified. For our "standard" parameters of Bt = 60 kG, A = 3.5,

qg= 2.5, A is 8 cm for 200 kev D, and 24 cm for 3.5 MeV alphas.

On inserting these numbers into Eq. (36), it'appears that

banana diffusion is not an important loss mechanism when a 2 100

cm, even for Zeff'= 10. But if a ~ 50 cm, Zeff ~ 10

‘could be effective in ejecting D ions before they completely
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thermalize and diluté‘the-background?plasma,:while scattering
would also reduce the alpha pressure (cf. Section 3.7)...There-

fore this aspect of impurity concentration appears to be favorable.

5.0 CONCLUSIONS. .

This paper has determined how to optimize the plasma para-
‘meters of a two-component tokamak reactor'for-attaining maximum

fusion power density P. (i.e., maximum neutron production rate

f

per unit volume). The optimal operating conditions are rather

lenient éompared to those .normally required for net power-

Al

producing-reactors (including TCT's). The ideal maximum Pf
increases monotonically with.decreasing Te’ but if beam power

multiplication Q_ ~ 1 is deéired, the.preferred range of opera-

~b
tion is Te = 5- 8 keV. Here the optimal. n. T is 8 x lO12 to
1

1.5 %10 3cm_3'sec, while the correqunding beam pressure is 0.8 to

. 0.9 times the bulk—plaéma.pressure. FofAPur'"standard",parameteps

\--of Bt = 60 kG, A,# 3.5, g =‘2'55~Wo = 200 kev(-lOO% T plasma, and. .

total Bp‘=:A (i;e., p = 0.655 J/cm?), -Pf in the range}lO-—2O..W/cm3

is,attainable_with Qb ~ 1. These values of Pf' are 3 to '6 times

larger than available in a thermal (one-energy component) reactor.
- at any temperature, for the same beta; the latter also requires a

much large;».nefE for power,gain Q ~..1. Even with a bulk—plasﬁa

composition of 50:50 D-T, the TCT'affordsha ,Pf. considerably larger

than does a thermal reactor.
c

ferent from those foffmgximizingv Qﬂ Enhancing Q demands a larger

v

The plasma conditions. for maximizing P are strikingly dif-
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nTpr @ reduction in the tritium enrichment of the bulk plasma,

and an increase in Te = Ti. Attaining the largest Q-values
demands the retention of all D-T alphas. For maximizing Pf, on
the other hand, ejection of alphas from the plasma is preferred,
because the alpha contribution to p -limits the beam injection
power. In sum, except for values of n.Tg below the optimal for

P increasing Q necessarily leads to a reduction in Pf.

£

The presence of'impurity ions has a significantly smaller
effect on Pf than 6n Qb. For TCT épplications where some
reduction in Qb can be tolerated, Zeff as large as 10 can
be sustained in the case of high—Z ions. For larger plasmas with
particle lifetimes many times the beam sloﬁing—down time, radia—
tion from high-~Z impurities can be effective in reduciﬁg Tk utoward
the optimal value, thus allowing a substantial increase in Pg. In
any event the large values of Pf attainable may permit economic
operation even for relatively short pulses — terminated before a
significant buildup in impurity level can occur. |

For TCT operation as é fissile breeder in conjunction with

fission reactors of high conversion ratio, Qb 2 0.6 appears to
be adequate. For.this application the TCT operating under optimal
conditions for P seems decidedly superior to other proposed

£

.fusion reactors. The r ired 1 -
equired values of Te ’ neTE , and Zeff

are not far from those expected in the next generation of tokamak

devices (I 2 1 MA). Present experiments and theoretical analysis

"~ indicate that the required suprathermal-ion pressures can be attained
/
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with no loss of stability.’ The chief technological problem, as.
far as the plasma-beams system is concerned, would seem to be

the development of highly efficient 200-keV neutral beams.
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APPENDIX A: NEUTRAL-BEAM ACCESS AREA

In order to realize the large values of Pf theoretically
attainable in a TCT, enormous injection currents are required.
Figure 9 shows that at Te = Ti = 6.0 keV, for example, Pb
= 11 w/cm3. Thus a plasma of a =1 m, R= 3.5 m, and Té = 6 keV
requires a total injected power of 770 MW, or a total injected
current of 3850 A at W_ = 200 keV. One limitation to the beam
flux is that impact ionization byAgas in the beam line may result
in energetic ions hitting the wall and producing intolerable gas
buildup (23}, but with a beam line diameter > 5Q cm and suitable

pumping techniques, injection current densities as large as 0.2 A/cm2

seem feasible at 200 keV. 1Injection of ions with at least comparable
intensity may also be possible with the use of magnetic guide fields

in a divertor [24]. Thus the total area of the beam apertures should
be at least 1.9 x 104 cm2. Assuming.that the vacuum wall isAjust

10 cm from the edge of the plasma, the area required for admit-

tiné the beams is only 1.3% of the total wall area. The percentage

of the wall taken up by beam apertures inéreases linearly with plasma
radius, but this percentage remains sﬁall for any conceivable TCT
operated at maximum Pf,.provided that Te > 5 keV. The addition

of certain impurity control dévices, such as a divertor, would increase

the wall radius, thus making the fractional area devoted to beam

admission even smaller.
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Figuré 1. Power flow in fusion-fission cycle. Pp . is the injec-
tion power density, -and Pg 1is the fusion power density.
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Figure 2. (a) Minimum required fusion power gain Q
of injected D beams in a TCT fissile breeder, as a function
of the fraction b of input power to the breeder that resides
in the beams. These results assume that 4% of the electrical
output of the U-Th symbiotic fission plants can be diverted to
sustain U-233 breeders. d is the enhancement of fusion energy
by the-blanket reactions. (b) Overall electric power gain of
the fusion breeder, for 4 = 1.3. : :
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Figure 3. Fusion power gain Qp as a function of deuteron

injection energy W, for various values of T, 1in a cold-triton
target plasma, assuming np = ng (i.e., beam density is neglected).

The 1ln A factors are calculated at ng = 3 X 1013cm=3 . (From
Ref. 1.) .
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Figure 4. Average energy Wb‘ of suprathermal
deuterons injected at energy W, “into a tritium

plasma of electron temperature To, with T; = 0

and Nqp = ng .
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Figure 5. Maximum attainable fusion power density for 200-keV
- deuterons injected into a triton-target plasma at Te » With total
plasma pressure = 0.655_J/cm3, corresponding to B¢ = 60 kG, Bp
= A =3.5, qgq=2.5. [ = beam pressure/bulk-plasma pressure and

Qp, = effective fusion power multiplication. Alpha-particle effects
are neglected.
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Figure 6. Values of n,, T4 and 71 for maximum Pg.

Same conditions as Fig.

5. Radiation loss is included in 1g.
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. Figure 7. Values of n.’I./n‘e and ny/ng for maximum
~ Pg . Same conditions as Fig. 5.

2 4 6 8 10 12 4



-49-

25 —T——T—T T T T T—T T T T T
 Tez4kev

N

6 =

L

24 2.8

743652

Figure 8. Fusion power density versus plasma energy
confinement time 1, for a triton-target plasma heated by
200-keV D beams, with|/ p = 0.655 J/cm3 . Ty 1is the beam
slowing-down time. / :
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Figure 9. Injection power Pp required for maximum Pg.
P£Qp is a measure of cost-effectiveness.. :
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a Figure 10. Comparison of fusion power density for a two-energy-
component plasma with opt1ma1 T (cf. Fig. 5), and a 50% D, 50% T
thermal plasma (T = 0). 1In each case, . total plasma pressure = 0.655 |
J/cm3, corresponding to By = 60 kG, Bq = A = 3 5, qg=2.5. Alvha-

} particle effects are neglected. '
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Figure '11. Minimum ngTg for a one-component 50% D, 50% T
plasma with Q = 0.60. The ngTp for the two-component case is
chosen for maximum Pg. Radiation loss is included in 1. . Alpha-
particle effects are neglected. ’ ) ' .
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, Figure 12. Dependence of Pg and Qf on ngtgp for
an 8-keV D-T plasma heated by 200-keV D beams. Maximum Qf
is attained for the plasma composition given by ng/nj ,
where nj 1is the bulk-ion density. p = 0.655 J/cm3 '
Radiation loss is included in g - Alpha-particle effects
are neglected.
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Figure 13. Qgf versus P¢g for a D-T plasma with Tg
= T; hedted by 200-keV D beams. For each ngtg, the D-T
composition of the background plasma is adjusted for maxi-
mum Qf . For each T, there is a maximum in Pf, while
Qf increases monotonically with ' neTi. The dashed curves
are contours of constant ngtg (cm~3sec). p = 0.655 J/cm3.
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Figure 14. Contributions to - P¢ from beam-plasma, beam-beam,
and thermal fusion reactions in a 50:50 D~T plasma heated by equal
number densities of 200-keV D beams and 300-keV T beams. The dashed
curve is for a 100% T bulk plasma heated by 200-keV D beams. Total
plasma pressure = 0.655 J/cm3. In each case, T 1is chosen to
optimize Pg from beam-plasma reactions.
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Figure 15. P(a, D) x0.2Qp is the ratio of alpha ' <
energy density to beam energy density in a TCT with 200~
keV D beams and a tritium-target plasma, assuming that
all fusion alphas are confined.
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Figure 16. Maximum fusion power density for 200-keV deuterons
injected into a 6-keV triton-target plasma, containing a single
impurity spec1e of charge Z7 with concentration 2eff - P
= 0.655 J/cm3. P, _ 1y = 13.6 W/cm3
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Figure 17. Fusion power multiplication for 200 keV deuterons
injected into a 6-keV triton-target plasma, containing a single
impurity specie of charge Zy with concentration aeff P
= 0.655 J/cm3 . T is optimized for max1mum Pf , given in Figq.

16. Qb(Z=l) = 1.24.
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Figure 18. Fraction of injected beam power balanced by

of charge 27 with concentration Zgff. Wy = 200 keV, Tg

P.f r

= 6 kev, p =
given in Fig.
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