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We considér the reactor performance of intenéely
beam-driven tokamak plasmas with  50:50 D-T composition
maintained by neutral-beam injection of both D and T,
together with plasma recycling. The D and T are injected
withuequal intensity and velocity. . This mode of operation
is most appropriate for high-duty-factor, high-power-
density operation, in the absence of pellet iﬂjection.

The isotropic velocity distributions of energetic D
and T ions (for multi-angle injection) are calculated
from a simple slowing-down model, but include a tail above
the injection velocity. The neutron source characteristics
are determined from fusion reactivities calculated for
beam-target, hot-ion, and thermonuclear reactions. for
conditions where Q ~ 1, beam-target reactions are dominant,
although reactions among the hot ions contribute.substan—
when n | > 0.2.

tlally.to'P hot/ne

For given values of injection energy Wo, plasma

fusion -

radius ap, and n has a maximum in n, Tp

hot/ne' Peusion
(which determines Te = Ti), and therefore in Q. Suitable

-3

2

bISTRIBUTlON OF THIS DOCUMENT 1S UNLIMITED



;l . -2 -

conditions “for ‘many applications are W, ~ 200 kev, T_

T. =~ 8 kev,%and! 0.1 2 rihot/ne < 0.3, for which Q =:Q.7 to

i
13 3

1.0 and :n_ty ="0.6 to 2x10"~ cm ~s. The larger values of

E

nhot/ne3yie1d the largest neutron wall loading, ¢w} for
given—siZedqdevicés, permit a smaller Wo for a given

ér ¢ and demand phe smallest n Ty When neap

is limited both by adequate neutral-beam penetration and

P .
fusion w?

by the MHD pressure limitation, then ¢w increases slightly
faster than linearly with both maximum magnetic field (at
the coilé) and plasma vertical elongation, and can reach

4 MW/m2 with BM = 140 kG and elongation = 3.

L 18}



1. INTRODUCTION

Beam-driven D-T toroidal fusion reactors have been discussed
in a number of recent papers [1,2].' Largé'values of.Q = (fusion
power production/injected beam po&er) are attainable provided that
nTo, the product of density and energy confinement time, is suffi-

13 cm-3s). On the other hand, the maximum

ciently large (> 5x10
attainable fusion power density, Pf, tends to occur at relatively
modest Qalues of ntg, where Q‘is of order unity [3]. There are a
number of potential reactor applications where a larée production
rate of 14-MeV neutrons at Q~1 is deéirabie: fusion engineering

test facilities [4], the breeding of fissile fuel [3], fusion- .-

fission hybrid reactors [5-7], and the burning of long-lived acti-

nide wastes [7]. For these applications, economic considerations

‘tend to favor the maximization of A P, and the related

4

quantity, neutron wall loading, since the cost of 14-MeV neutrons
from the reactor is roughly inversely proportional to Pf. Never-
theless, it is also important that Q be larger than about 0.5,
since the required investment in neutral-beam injectors, and the
quantities of electrical power and tritium that must be circulated,
are nearly inversely proportional to Q.

The low-nT high—Pf regime is often referred to as TCT (two-

E’
eneryy-component torus) operation. Ideal TCT performance is
realized in the case of a pure tritium plasma whose temperature is
sustained by Coulomb energy transfer from injected superthermal
-deuterons [1-3]. However, maintaining a highly enriched tritium
plasma in the face of continuous deuteron injection is a formida-

ble problem, &ad probably requires the continuous injection of

/
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tritium pelleté.é Infthe absence of pellet injection technology,
the optimal t{itfum-étrategy, which is discussed in Section 2,
appears to con$i§t of treating the deuteron and triton piasma com-
ponents in a éérfectly symmetric manner. That is, p° and T° beams
are injected with the same velocity, and with sufficient intensity
to maintain a 50:50 D-T bulk plasma - which is fueled byﬁthe in-
jected beams tggether with plasma recycling. The valuesuof Q and
P, are necessa;ily smaller than, those attainable in the ;deal D-
on-T situation, although significant fusion power is alég produced
from therﬁonud}ear reactions, and éspecially from reactiééé among
the energetic D and T ions themselves. In the limiting case where
the superthermél—ion density becomes a large fraction of;the elec-
tron density,'éne approaches a class of reactors, such as the CBT
dr CIT ( counterstreaming-ion torus ) [8-10], which can p%ovide

large Q and P_ in relatively small toroidal devices.

f. .
This pape? presents the fusion reactivities, power gultiplication,

power outputs; .and neutfon wall loadings for 50:50 Q—Titoroidal

plasmas maintained by injection of.energetic D and T neuﬁfal

beams, for widé ranges of iﬁjected.energy and relative shperthermalé

-ion density. Partlcular account 1s taken of fusion reactlons

among the energetlc D and T ions. . While most of this work applies

to any low—to-moderate beta toroidal reactor, we con51der speci-

fically tokamak devices. Section 2 of this paper presents the

rationale for 50:50 D-T systems. Section 3 describes the velocity

distributions that are used in Section 4 to calculate fusion reac-

tivities among.the various D and T plasma components. These reactivi-

ties are then employed to.calculate Q, P_., and other neutron source
= L £ .
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characteristics. Section 5 presents'Q;Values for 50:50 D-T systems,
as a function of relative energetic-ion density. Thé corresﬁonding
fractional tritium burn-ups are given in Seétion 6. (This latter
quantity determines the required capacity of the tritium processing
system, as well as the required plant tritium inventory.) éection
7. describes how the fusion power output and neutron wall loading
vary with plasma parameters, including neutral-beam energy, plasma
elongation, and magnetic field strength. The plasma dénsity is
constrained either by the requirement of adequate neutral-beam
‘penetration, or by the MHD limit on the total plasma pressure. The
maximum attainable neutron wall loading is investigated using two
approaches, the first employing fixed aspect ratio, and the second
specifying a fixed distance from the major axis to the inner edge

of the plasma. Section 8 presents the conclusions.
2. TRITIUM STRATEGIES FOR BEAM-DRIVEN TOROIDAL REACTORS

2.1 DT COMPARED WITH T-+D

In the design of TCT-type reactors, the question arises
whether to inject deuteron beams into a tritium target plasma
(D-T), or vice versa (T-D). This question can be answered by

considering relative values of Q, P and fractional tritium burn-

£
up. Figure 1 shows Q as a function of injection energy Wo'and
bulk-plasma temperature Te = Ti’ for both D-»T and T-D. (These
calculations use the energetic-ion slowing-down formulation of
Reference [11l].) As expected, the T-D Q-valﬁes peak at injection

energies x 50% larger than the optimum energies for D-T, that is,

where the injected velocities are nearly the same. For typical plasma
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éemperatures (5-10 keVv), the T-+D Q—valﬁes are about 20% smaller.
%At very low;¢e, electron drag is: dominant, and the 50% greater
investment iniAWo for T+D is balanced by the 50% larger siowing—
down time. At large T, ion drag becomes important, and the
énergy slowing-down rate on background ions is 50% larger for T-D

‘ L.
than for D+T. .. In the limit of very large Te' QT+D = 2/37Q )

DT’
is heated solely

If a target plasma of given n,, Te' and e

by injected beams, then Pf = Q, so that maximum P_ in the T-D

f
case is typically lower than for D-T by about 20% - if £ﬁere is

no restrictionlon plasma pressure. The pressure of the énergetic-
ion component in the T+D case is about 20% larger. If, as seems
likely, the plasma pressure is always to be maintained at the max-
imum allowed b? MHD equilibrium, then both n_  and P must be re-
duced by about 10% in the T-»D case, for typical systems @here beam
pressure ~ bulk-plasma pressure [3]. The result is a further 20%

decrease in P Summarizing, for T-+D, maximum Q is about 20%

£°

lower, and Pf may be 35% lower than the maximum values for D-T.

Now let us consider the tritium burn-up rate. For large-Pf

where Té is the fast-ion slowing-down

reactors, we have Ts > TE,
time, and nhot(ne > 1/10 [3]. If Tp is the ion lifetime .in the
thermal plasma, we have, typically, Tp > 3TE [12]. (Note"that Tgr

includes all transport, radiation, and charge-cxchange losses.)
Defining Fb as‘the fractional burn-up of tritium per pasSi then

for reactors of the same power output,

Py, 7D

F ~ (1)
b,D~>T o)

o
—
Al 3
wn | -
(o]
r*
S m——
w

e
T
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That-is, when the tritons are injected via beams, and removed from
the machine immediately after thermalization, the burn-up per pass
is about 3 times larger than the case where the tritons are in- '
jectéd (by pellets or gas) to form the target plasma. Thus the
T-»D mode could be advantageous, depending on the difficulties of
handling large quantities of tritium, and the need to minimize
the total tritium inventory.

For either of these operating modes, dilution of the target
species by the beam species must be avoided to obtain maximum per-
formance. Resolving this problem leads to several less ideal

modes of operétion, which are discussed in the following.

2.2 METHODS OF TRITIUM FUELING

We can differentiate various modes of operation of a beam-
driven DT reactor, according to the means by which tritium fuel-
ing is carried out. We are concerned especially with plasmas of
only moderate neTﬁ—values, typically less than 3 x 1013 cm-3s.
In describing the following practical options for tritium fuel-
ing, we consider how Q and Pf are likely to be reduced from the

-maximum values attained in the ideal D»T mode.

2.2.1 Pellet injection of tritium. The tritium background plas-

ma can be maintained against particle loss by injecting high-
velocity pellets [13] or clustres [l14]. As before, we assume that

T, 21

s and Tp ~ 3TE. The lifetime of thermalized deuterons

EI
should be approximately Tp - fs' since there is a gradual diffu-
sion outward of fast deuterons during slowing-down. If plasma
recycling can be eliminated, in steady state the fraction of

deuterons amony the thermal ions is
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.~ n T -
; hot j
‘ n_(thermal) = o 2 =
! Rl H T s

> % By (2)
R

‘Taking into aécohnt‘bulk—plasma thermonuclear feactions[ both Q

and P. will bé reduced by at least 16%. Attaining this perfor-

mance demands‘th%t all escaping ions be removed ffom fhe torus by

‘means of an unload divertor [15], with zero recycling coefflclent,

in order to av01d a turther increase in n /n Thereforg, this

method requires perfection of both pellet and magnetic divertor

technologies.d

2.2.2 Pulsedéoperation. Cyclic operation is possible iﬁ4Which
the torus is*filled with tritium at the beginning of each cycle,
no tritium fueiing is carried out during the power pulse, and no
divertor is eméloyed. As the injected deuterons thermali%e with
the target plasma, ng gradually increases, and T decreases, un-
less the beam power is increased during the pulse. The gas pres-
sure outside the plasma may quickly rise to a level that lnterferes
with neutral beam transmissien. (Typically, 5 x 102;‘atoms/s are
injected into %he torus.) 1If Pb is~constant, then iﬁ ten;slowing—
down times, theé bulk-plasma is about 50:50 D-T, while Te is signi~
ficantly reduced, so that Q anvaf'are reduced by a fadtdf of at
13 -3 13

. : - =3
least 3. Forpe ~ 5 x 10 cm T, Te 6 kev, n Ty ~ 10 cm Ts,

the useful pulse time is 2 to 3 s. (Increasing Pb
pulse does notgsignificantly change this result.) The plasma cur-

durinQithe

rent is then terminated, the vacuum vessel exhausted, and, the
‘torus refilled~with tritium. The duty factor probably capnqt ex-

ceed 20%, so that it is unlikely that this operation could, be
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economically viable. Further serious problems are the thermal cy-
cling exéerienced by the blanket and vacuum wall, and the energy
étorage required between cycles. (Actually, it may not be neces-
sary’to shut do&n'the plasma current, if the gas charge can be
purified between power pulseéiby admitting tritium and simultane-

. ously pumping for an extended period.)

2.2.3 Gas injection of tritium. In principle, the tritium can

be fueled during the power pulse by means of a dense tritium blan-
ket surrounding the plasma [16]. - The inward diffusion of cold
plasma (a somewhat mysterious process)  would bring fuel into the
reacting region. But this method would also encourage particle
recycling, so that the fraction of deuterons in the bulk plasmai
would build up to a larger value than in the pellet-fueled case,
and the plasma density might reach intolerébly high levels during
long pulses. The density-thickness product of the cold blanket

15

region must be relatively small (< 10 cm—z),.in order to permit

beam penetration to the reacting region of the torus, while the
gas pressure in the beam ducts must be maintained at less than 3x

10~ torr.

2.2.4 Low-voltage beam injection. The plasma tritium content

can be fueled by low-voltage beams [6]. The tritium-beam particle

bT

ing D° beams. If the power of the fueling beams is not to exceed

flux must be I = nT/Tp, or about 3 times the flux of the react-

that of the reacting beams, then the voltage of ‘the fueling beams
can be up to one-third of that of the reacting beams. Therefore

a considerable degree of penetration is assured, and the proportion
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N
“

of D in the bulk ' plasma can probably be kept as small as 25%. An
obvious disaavantage; however, is that the Q-value of the whole
system is reduced by a factor of about two (if Wo

~ 3W_,..). The
(o]

D T
finite pressure ‘of the fueling beamsrmay demand a significant re-
duction in ng, SO that Pf ié reduced by a factor of 1;2 to 1.4.
A furtﬁer disadvantage is that a significant fraction of the T°
neutrals are .trapped by charge exchange (because of their lower

energy), thereby introducing an appreciable neutral population

into the plasma.

2.2.5 50:50‘b—T bulk plasma with D and T beams. If none of the.

above methods can be implemented, or if their drawbacksigre in-
tolerable, th% most straightforward procedure is to tre%t deuter-=
ons and tritbﬁs in an identiéal fashion: One maintains;a 50:50
‘D-T bulk plaSEa by injecting D and T neutral beams of qualAvelo—
city; fueling.is carried out both by injected ions, and by plasma
recycling. Aﬁéhielding-unload divertor [15] is requiredgfor
pumping, and £o control the buildup of plasma density ovér long
puises, as well as to alleviate ion bombardment of the vacuum

wall. While Q and P_ are lower than in the ideal D-T meghod, the

f
advantages oféihe present technique are that proper fueyéng is
provided automatically, the power output is well-definédgand con=
stant during the puise (in the absence of impurity buiidup), and
the fractional: burn-up of tritium is relatively large. fhe length
of the power pﬁlse is limited fundamentally by the flux swing in
the transformer core and could be many tens of seconds;f@; a de-

vice of 1-m piasma radids. It is this mode of operation: that we

feel is most ﬁ}actical.
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2.3 FURTHER CHARACTERISTICS OF 50:50 D-T OPERATION
We make two important specifications. -First, we take WoT

= 1.5 W so that the p° and T7° beams have the same velocity, and

oD’
therefore the same efficiency of production and penetration into
the plasma. Second, we specify that both p° and T° beams be in-
jected at a number of angles 6 with respect to the magnetic axis

- from 8 = 0° to nearly 90° - for several reasons: (1) In steady-
state, the velocity distribution is monotonically decreasing and
nearly isotropic, and therefore is absolutely stable to velécity—
space instabilities [1,;17]. (2) I1If tbe thermal D+-and T+ have the
same lifetimes, as seems likely, then fhe deuteron and triton par-
ticle injection rates musf be the same. The injected triton sca-
lar momentum is then 1.5 times larger, but multi-angle injection
eliminates the possibility of a buildup in plasma momentum. (3)
Overall penetratibn of the neutral beams is not as éffected by a
large impurity content in the plasma [18], compared with the case
of purely tangentially injected beams. It is also more convenient
to install beam ducts through the blanket and coil assemblies for
oblique or perpendicular injection.

For plasmas of'the size envisioned here (Ip > 1.5 MA), loss
cones in velocity space are relatively insignificant. However,
ripples in the toroidal magnetic field must be mdnimized to avoid
loss of mirror-trapped energetic ions. While tangential injection'
of oppositely directed T and D beams would maximize head-on nu-
clear collisions [8-10], such collisions are not particularly ad-
vantageous for the range of injection voltages (> 100 keV) required
for penetration of the large plasmas to which the present work.

applies.
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! In the rest of this paper, we discuss the performance of

steady-state 50:50 D-T plasmas in which n is in the range

hot” e
0.01 to 0.3,"and fusion reactions among superthermal ions are ta-

ken into account.

3. CALCULATIONAL MODEL

] o
?.l ENERGETiC*ION VELOCITY DISTRIBUTION

In the fbllowing, the subscript 1 refers to thermai ions at
temperature Ti, while the subscript 2 refers to superthérmal (hot)
ions formed by neutral injection. Eneréetic ions whose energy
falls below 2Ti are assumed to be absqrbed by the thermal-ion dis-
“tribution. in this work, we take Ti = Te’ a condition fhat is
axpected to héld rather well in a practical device for a number
of reaséns: Over most of the parameter range of interesi, the
@nergetic ions share their energy roughly equally between thermal
ions and electrons; the equilibration time between thermal ions

and électrons is comparable to T_; a large proportion of: the

E
thermal-ion population, viz., a fraction (n2/nl)(rp/TS);~is
formed directly from decelerated energetic ions. The thermal-ion

population is taken as Maxwellian:

. M 3/2 M vz ;
. (v) = n (-—l—) exp [— 1 ] l (3)
1 1 \2nT, 27T. o

The steady-state velocity distribution, f2($), of Ehe ener-

getic ions is éélculated”using ‘thé following model:
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(1) Multi-angle injection at velocity Vs SO that fQ(Gj is
isotropic. |

(2) Particle sink at v = Vm; so that fz(v) =0, v < Vo

(3) ve>>vo>>vi, where Ve and v, are the average thermal ve-
locities of electrons,and bulk ions.

-(4) Ions with v > v, are perfectly confined.

(5) No Coulomb interaction among energetic ions.

(6) Energy diffusion during slowing-down is taken into ac-
count only in formation of the fast-ion tail above the injection
velocity, V-

(7) The toroidal electric field is insignificant.

With these assumptions, the Fokker~Planck equation at v < vy

becomes simply

2 dv _ .
f2(v)v I - constant (4)

where dv/dt is the Coulomb deceleration of an energetic ion at

velocity v. The solution to Eg. (4) is

3 3

— -1
f2(v) = Clnz(v + vc

Y O, v < v <v (5a)

The Lail al v > Vo ls produced by energy transfer from fast parti-
cles (electrons and ions) of the thermal plasma. If Ti = Te’ this

tail is Maxwellian-like at temperature Te:

3 3,-1 2
f2(v) = Clnz(vO + v, ) “exp| - o , V> v
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The normalization constant, C

N i

1’ is given by

! v + v
C, = L l'~1n L c
1 47 3 3 3
v + v
A\ m c
2 -1
T . M.v TT :
+ M v, ¥ exp| 5 55— erlle —
3 3 M 2T 2M v
vyo v v, T2 e 2 | 2T, o
(5¢)

AIn Equation (5), Ve is the velocity at which the Coulomb drag for-

«ces exerted by the electrons and bulk-plasma ions are equal:

1/2 . 2 ’
T A ,
v = 5.44] _€°2 L _1 3 niZiinhy ,
c M n_ 1lnA 5 A (6)

Here Te is in keV, Ai denoteg atomic weight, and the summation is
sover the ion species of the bulk plasma. The Coulomb logarithms
are calculated as in [11]. Even when f2($) is not isotrqpic, EgS.
‘5 describe the steady-state scalar velocity distributiéﬁ, found
by integrating“fz(;) over all angles [1,17]. ‘

Figure 2 shows fl(v) and fz(V) for a number of values of Te
= Ti and n2/ne, taking Vi = 4Te/M2' In all cases, fz(vm)<<fl(vm).

This velocity will be taken as the lower cutoff value for ener-

getic ions, when calculating reactivities and slowing-down times.

e
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The linear treatment becomes less valid with increasing
n2/ne. For example, when n2/ne > 0.1, the thermal-ion distribu-
tion function becomes somewhat distorted, ‘the most notable change
being a greatly extended tail due to strong interaction of back-
ground ions with energetic ions [19]. At the same time, Coulomb
interaction among the energetic ions limits the validity of Egs.
(5) in describing fz(v). However, even when nz/ne ~ 0.3, the
strength of the Coulomb interaction exerted by the energetic-ion
population on a typical energetic ion is less than 20% of that
exerted by the bulk ions, because of:yhe much larger relative ve-
locity, on the average, between energétic ions. Reference [20]
shows that the main effect on fz(v) of energetic-ion interactions,
at least when n2/ne is not too large, is to broaden the tail at
Vo>V (which leads to an increase in Q). .

Figure 2(a) compares f2(v) from Egs. (5) with that calculated
with a two-dimensional Fokker-Planck code [21l], with isotropig in-
jection and a sink at Ve The two distributions are normalized
at v = Var and are in excellent agreement for v > 1.6 Vi The
fact that the peak value of the numerical Fokkef—Planck solution
occurs at 1.4'vm (rather than at vm) is due to energy diffusion
caused by interaction with the thermal ions (vi = 0.86 vm). We
find that the character of the numerical Fokker-Planck solution
has very 1i£tle variation for .01 < n2/n‘.e <1/2 [21], thus justi-
fying the use of kgs. (5) in this work, provided that Wo and Ti
satisfy assumption (3).

A quantity of interest is
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) ® 1, .2, 2. -
_ energetic-ion pressure _-/gm £, (vizM v dmvidy..
‘bulk-plasma pressure (ne + nl)Te

(7)

For ideal D-T systems, P_ is maximum when T is in the'range 0.70

f
to 0.96 [3], but this need no longer be the case for 50:50 D-T
beam-driven plasmas. The range of parameters in this work includes.

I > 1. With isotropic fz(v), these systems are stable to velocity-—

space modes, provided that v, is less than the Alfven velocity [17].

3.2 FUSION ALPHA PARTICLES

Beam—dri%én tokamak plasmas of practical interest will have
plasma current.Ip = 1.5 to 8 MA, and aspect ratio A = 3.5 to 6,
so that at least 50% of the alpha particles resulting from fusioﬁ
will be confinéd in the plasma [22]. For plasma conditions of in-
terest here, é;< 2 (cf. Section 5). Then the pressure of the con-
fined alphas %é P, < 0.20p, . < 0.25 Protay’ LEfT < 2. 1In cal-
culating neutron source characteristics in Section 7, werspecify
that Bp < 2/3 A, where Bp isAthe total poloidal beta of the bulk
plasma plus energetic ions. Therefore a 25% increase in pressure
due-to an alpha-particle population can be accommodated,: without
violating the MHD limit of Bp = A.

For a given n_t and injection power, alpha heating will

E

raise Té by up to 40% (for Q ~ 2), resulting in a further increase
in Q. Howevef, we find it more convenient to specify Te;“so that

alpha heating is reflected by a lower requirement on neré, and

need not be included diréctly when calculating fusion power

densities.
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We assume that thermalized alpha particles are removed by
the magnetic divertor, so that there is noléignificant buildup of
alphas during a power pulse. Theréfore, By specifying Te and that
.Bp < 2/3 A (without alphas), we can ignore the alpha population in

calculating Q and Pf. But calculations of the correéponding n. T

must take alpha heating into account.

3.3 PLASMA PROFILES

In this work, a zero-dimensional spatial model .is used in
calculating Q and Pf. The éverage p%asma pressure p allowed in a
tokamak doés not depend on the radiaitprofiles of n, and Te' but

only on the toroidal field, B the plasma aspect ratio, A, and

£’
the rotational transform at the limiter, gq. To obtain the largest
possible p in a given device, g should be és small as permitted by
stable operation, and small q is facilitated by a flat Te(r). In
practice, ne(r) may naturally have a rather flat (such as cubic)
radial dependence, which can be regulated by the di&ertor [15];'
while Te(r) can be controlled by adjusting the neutral beam depo-
sition profiles. Specification of multi-angle injection allows
one to control Te(r) by ﬁsing different Wo for beams injected at
different angles eAto the magnetic axis. (Generaliy, the smaller
8, the larger is WO.)

If Zeff builds up during the power pulse, adequate penetra-
tiqn can be maintained by increasing the voltage of obliquely in-
jected beams. At the same time, the current of the tangentially
injected beéms is decreased, in order that the total injected

power be constant. The reactivities, Q-values, and burn—ups
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presented infiater sections are given as a function of Wo' so

éhat average_?alaes for a particular system are readily calculated.
The results ‘in this paper, except for those of Section 7,

apply to all tordidal reactors where the bulk-plasma temperature

is maintained‘solely;by powef deposition from energetic ions. The

calculations in Section 7 apply specifically to tokamake} but are

easily generallzed to other toroidal devices. It should be noted

that in beam—drlven tokamaks with T > 3 kev, a, > 50 cm. and n, T

< 3 x 10]'3 cm’ 35; ohmic power dissipation is negligibley.even

for 2Z

ers>?1 151

4. FUSION REACTIVITIES

4.1 CALCULATION OF <gv>

Extendind(the notation of Section 3, subscripts 1 and 1°'
refer to thermal deuterons and tritons, respectively, while sub-
scripts 2 and 2' refer to superthefmal deuterons and tritons,

respectively. - The reactivity of two D and T components is

<oV £, (v, V£ (v )o(]v - v |)|v - v |d vy a3 vy (8)

There are four'possible combinations of’ (i,]j):

<0v>11. denéﬁes thermonuclear reactions,

<0v>22, deneees reactions among §upertherma1 ions,

<OV>44, dehefes D-»T (beam-target) -reactions,

<0v>12. denotes T-D ' (beam-target) reactions.

<ov>11, can be reduced to a single integral by standard tech—

niques, while <cv> requires the evaluatlon of a trlple

22"
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integral, which is performed numerically using 32-point Gaussian-
quadrature techniques. The beam-target reactivities require the
numerical evaluation of double integrals. -

Figures 3 and 4 show fusion reactivities calculated usihg
fl(v) and fz(v) of Section 3.1, with n, =n,, = 0.45 n,, so that
nhot/ne = 0.1n_. (The reactivities depend'on this ratio through
vc.) The fusion éross sections are taken from Duane {[23]. 'As
expected, the D+TD and T+DT reactivities (Fig. 3) are nearly the

same, for WoT x~ 1.5 Wo For WoD > 150 keVv, the reactivities are

D*
relatively independent of Te;(The-chigf effect of increasing Te
is an increase in the cutoff velocity, Ve Note that lowering
the cutoff energy tq 1.5'Te would actually reduce <0V>l,2 and

<OV>yg0s
fusion probabilities.) The beam-target reactivities are typically

because the additional lower-energy ions have Véry small

more than an order of magnitude larger than the reactivity of the
thermal plasma.
The hot-ion reactivities (Fig. 4) tend to be slightly smaller

than the beam-target values, when Wo > 150 keVv, but are slightly

D

D < 100 keV. At small Te' <ov>22, is rather close

to that of a Maxwellian with 3/2 T, ¥ W, where W is the average

larger for Wo

hot-ion energy (typically =z 0.5 wo).The largest reactivity at low

Te occurs for WoD'z 150 keV, for which W = 80 keV. For parameters

nf greatest intcrcst in reactur design, the values of <ov>
16

22"

fall in a very narrow range, viz. 0.8 to 0.95 x 10 cm3/s.
These reactivities are employed in the following sections

to calculate neutron source characteristics.
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g i
4.2 RELATIVE NEUTRON SOURCE STRENGTHS
: This section compares the neutron production rates per unit

volume from the three types of reactions.® The reaction-rate den-

sities are - ,

Rll' = nlnl,<6V>Il, v (thermonuclear neutrons)
R22, = n2n2,<d§>22, | (supertherhal neutrons)
%12, = nln2,<gV>12, (beam-target T-D neutrons)
Ryvg = nl,n2<dv>l,3 (beam-target D+T neutrons)

We prescribe n so that the D° and T° particle injection

1 - Py
rates must be equal. Since the background plasma is 50:50 D-T,

and the,Do and T° injected beams have the same velocity, then.TsT

= 3/2 (1 + E)TsD, where e(Te) < 0.05 takes into account that Vi
for T+ is smaller than_vﬁ for D+. Therefore, n,, = 3/2 (1 + e)ﬁz
and charge neutrality demands that
n, = 2nl + (5/2 + 3/2€)n2 N (9)
The relative reaction-rate densities are
: <gv> ' n
) Rq L Ov>1 4 . (.;L) (10)
Rion Ryig <ov>ia, * 3/2(1 + e)«ov»lz, n,
Raav STV 22 (22) (1)
R12, + Rl'2 §OV>12. + <c5v>l,2 ny s

3/2(1 + €)

These ratios afe essentially independent of the absolute value of

plasma denSityﬂ which enters only through the weakly varying
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Coulomb logarithms in A\ Figgre 5 shoys the relative thermonu-
clear reaction rate (Eqg. 10) as a function 6f Wo and the relative
superthermal-ion population, nhot/né = (n£'+ nz.)/né. At Te =T,
= 4 keV, thermonuclear reactions are negligible, un-
less the beam inﬁection rate is minute (that is,-nerE'z 1014 cm—3s).
At Te = Ti = 10 kevV, tﬁermonuclear reactions contribute a signi-
ficant fraction of the total fusion output. The relative contri-
butions are nearly independent of injectioh energy.

Figure 6 compares the hot-ion and beam-target reaction
rates (Eq. 11). The relative contribution of hot-ion reactions
increases slightly faster than linearly with nhot/ne; it is near-
ly linearly proportional to the ratio nhot/2n2' The relative con-
tribution of the hot-ion reactions is larger at smaller injection
energies, which is evident from examination of Figs. 3 and 4.
When nhot/ne ~ 0.3, hot-ion reactions increase the fusion output
beyond the target-plasma level by 20 to 30%, while thermonuclear

reactions provide up to 15% enhancement.
5. FUSION POWER GAIN

Although QD+T can be substantially greater than'QT+D (cf.
Figure 1), when the target plasma is 50:50 D-T, the Q-values for
beam-target reactions of superthermal D and T ions injected at
the same velocity are practically identical. As noted in Section

sT
vestment in triton energy is almost exactly compensated by the

4.2, t = 3/2(1 + E)TSD, where e<<1, so that the 50% larger in-

longer slowing-down time of the energetic tritons. The total fu-
sion power igain Qe including all possible D-T reactions, is Qf,

= Pf/Pb' wherz



Pe = Bg{Ryar + Rypy + Rypy + Ryy) 12
i .
with Ef = 17.6 MeV, and
L ‘ '
SERD: Jf* |—ﬂ| £.(v) 4nvidv. |
Po = 2 S0 & s menay. o
m

where dw/dt is the Coulomb energy loss rate. Alternatively, we

may use

Py = 3o (Wop = 2T ) + === (W_, - 2T,) (14)

where the T, are calculated by the slowing-down model in [11].

The two express;ons for P, can give different values, since our
calculation of fz(v) is strictly vaiid only when v, can be ignored,
while the calculation of Ty in [11] takes finite \ into account.

With the assumptions in Section 3.1, we have

C n. 1lnA, n .
dw) N T S i_ ¢ e _ 2 (15)
aw) _n_. _<£ : 575 , A
(dt i 4 v 11 Aj 3 Tej7 )

where C, and C,; are constants. (A, similar expression was used for

dv/dt in Eq. (4).) Substituting Eq. (15) in Egqg. (13), P, can be

b
evaluated analytically. We find that P, -values from Egs. (13) and
(14) agree to within 5% when W, 212 T,. (For this comparison

-only, .the tail in fz(v) was omitted.) In calculating Q, we use

g
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Eq. (13), since this expression is consistent with the calculation
of reactivities in P. In this and the following sections, we re-
strict the injection energy to Wo > 100 kev, in order that our ex-
pression for f2(v) have good accuracy at Te > 10 keV.

The Q-values depend on nz/ne, but again are essentially in-
dependent of the absolute value of n,. which enters only through
the weakly varying Coulomb logarithms. D-D and T-T reactions
have not been included, but these would increase Q only by 1-2%.

The required energy confinement time of the bulk plasma, so
that its temperature can be sustained;by injected superthermal

ions together with alphas resulting from fusion, is

_‘3/2 Tene(ne + 2nl)
n_T

e E Pb(l + 0.20Q) (16)

Here we have assumed that all fusion alphas thermalize with the

bulk plasma (cf. Section 3.2). Evidently, n_t is essentially

E

independent of n,. If 0.2Q0<<1, then n_t., is proportional to Te

e E

and nearly inversely proportional to nz/ne.

Figures 7 and 8 show Q and neTE as a function of the rela-

tive superthermal-ion population. For prescribed values of

nhot/ne and Te = Ti' there is a broad maximum in Q for 150 < WoD

< 300 kev. At low Te' the required n_t1_, decreases significantly

e E
with Wo' since Wo/'rs increases, but the opposite dependence on

Wo holds at 1arge Te, where bulk-ion drag is dominant.

Now consider the variation of Q with nhnf/np‘

(1) nhot/ne < 0.1. The injected beam power becomes relatively

small, and can be surpassed by the thermonuclear power output,



' i “'24_

i . . T & ’
resulting in Q>>1 [25%]. However, n_t_, must be rather large in

e E
this region (575§* 1613 cm_3s), in order that thé plasma‘tempera—
ture can be mé@ntainéa by the smali superthermal-ion population.
GAt very 1argé"témpefatures, thermonuclear reactions contribute
substantially to .Q even when nhot/ne > 0.1 (cf. Figqg. 5b).)

(2) n /ne > 0.1. In any beam-driven systenm, increaéing n2/nl

hot

enables the bulk plasma to retain the same temperature at a smaller

n T But for an ideal D+T or T-D system, Q significantly de-

e B°

creases f -
ea or nhot/

gét density. 'For nhot/ne ~ 0.1, the Q-values ot the 50:50 D-T

ng > 0.1, because of the gradual decrease in tar-

system are only 0.5 to 0.7 those of the ideal D+T case. But as

nhot/ne increases, the additional hot-ion reactions compensate for

the decrease,in target-plasma reactions; as shown in FigéL 3 and

4., the reactivities are nearly the same. Thus, Q remains practi-

13

cally constant, as n,t decreases well below 10 cm—3s.' (The

E

confinement time of the hot ions, however, is determinéd?by Tg s
which tends tovincrease with increasing nhot/np’ beeause'of the
decrease in bulk-ion drag.) Thus hot-ion reactions become the
most important%contributor to fusion power at very small n Tpr
while thermonuclear reactions are dominant at very large n Tg.
In the limit of nhot/ne+1, the 50:50 D-T system goes oveglto the
energetic-ion-dominated plasmas such as the CIT [8—10],;Wﬁere for
counterstreaming low-energy D and T beams, Q may rise abgve the
ideal DT value.

In pure D-T systems, considerations of maximum Pf, sgtisfac—
tory Q, and ease'of beam penetration lead to the choice of T, = T,

¥ 6 keV as the:desirable operating point [3]. In the present

50:50 D-T systems, where Q-values are somewhat lower,
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T =T, ~ 8 keV seems a more reasonable choice. At nh /n_ 2 0.1,
e i ot' e

Q 2 0.7-1.0, which is satisfactory for test-reactor and hybrid
reactor applications. The corresponding n_t_ are in the range 0.6

e E
13 3

to 2x10 cm “s. In Section 7, the "standard" operating tempera-

ture is taken as 8 keV.
6. FRACTIONAL TRITIUM BURN-UP

A large fractional burn-up of tritium per pass (i.e., once-
through the machine) is desirable, since a larger burn-up reduces
the tritium inventory required per unit fusion power output, and
also reduces the demands on'the tritipm processihg system. The

fraction of beam-injected tritons that burn up during deceleration is

T .
_ sT
Fo2r T w,, Razr * Rpad) (17)

Figure 9 shows F as a function of Wo' Te, and n For a

b2' hot/ne°
given Te’ Fb2' is roughly proportional to WO; this behavior is ex-

pected, since Q is only weakly sensitive to Wo (cf. Section 5).
The near-invariance with nhot/ne reflects the similarity.of target-
plasma and hot-ion reactivities.

The fraction of decelerated tritons that burn up during

their lifetime Tp in the thermal plasma is

T
F = mil (

+ Ryy,) (18)
1 1'2

Ry

For typical plasma densities and currents, the plasma parameters

tend to fall into the trapped-electron regime, where theoretical

estimates [24] indicate that the thermal conduction rate, TE-l,

is about 3 times the particle diffusion rate, Té—l.
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. .{ o B
B’ there is very little dependence
on Wo. While Fblﬁ can be very large at high Ti’ where thermonu-

Figure 10 shovs Fgllyfor Tp = 37

clear reactions are important, for Ti 2 10 keV and nhot/ne > 0.1,
Fﬁl' is only 1/4 to 1/3 sz,. Keeping in mind that plasma recy-

cling is necessary to-help maintain the plasma density in the
r?acting region (éee‘Section 7.5), a given triton is recycled N
times, where

5 D1

2!

Z

0
~ Icf-l
o

-1 | (19)

ol

If there is no injection of gas inéo the torus, so that the re-
cycling rate i§ controlled solely by a shielding-unload divertor
[15], the total fractional burn-up of tritons once-througg the

machine is

FbT = sz, + (N + 1)Fbl' (20)
If Tp ~ 3TE ~ 2“3T§, then N }s typically 2 or 3, and EbTi~ 2Fb2"
Then for 4 < Ié < 10 kevV, FbT"is in- the range 1 to 4%, the maxi-

mum values being obtained at the largest Wo' There is very little
- sensitivity to:nhot/ne. ;

At this point, it is appropriate to consider the relative
advantages offinjectién at very large Wo: (1) The fractibnal
tritium burn-up increases significantly with Wo' (2) Leﬁs beam
current is required for a given injection power, thereby;alleviae

ting the problem of transmission through the beam ducts [25]. (3)

Beam penetration into the central plasma region is facilitated,
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especially when Zeff>>l. Offsetting these advantages are (1) the
necessity to employ negativé-ion beams, forwo > 200 keV, in order
to retain efficiency; (2) a somewhat smaller Q; (3) the possibili-
ty of exciting Alfven instabilities [17]. 1In any event, the most
important factor in determining Wo is the size of the plasma re-

quired to produce a desired fusion power output, or a desired wall

loading. These topics are covered in the following section.
7. NEUTRON PRODUCTION RATES AND MAXIMUM WALL LOADINGS

7.1 MAXIMUM PLASMA DENSITY

The fusion power output from a réactor plasma of given size
is limited by the maximum allowed plasma density. This density
in turn is limited by one of the following restraints:

(1) The maximum pressure allowed by MHD equilibrium.

(2) The requirement that the injected neutfal beams penetrate
to the core of the plasma.

The plasma pressure is given by

13 B,S 2
p=2.49 x 10 —_— Bp (21)

where Bt is the axial field in kG, p is in keV/cm3, and

’ 4 s = plasma circumference/Zvrap . (22)

The maximum electron density is then



................... P
- . max -
(nedyy = = hy — — (23)
+ —_—
U T 2Te n_ + 2/3 W2n2/n + 2/3 Wz,nz,/ne
where WZ andvﬁz, are the mean energies of the superthermal D and
+ .
T (in keV). In Eq. (21), we take (Bp)max = 2/3 A (cf. Séction

3.2). The minimum practical value of A is limited by the minimum
thicknesses of the ohmic-heating transformer core, the toroidal~
field_coils,.end the inner shield. 1In this section, we use A

= 4.0; then fhe.geometric layout of essential reactor ceﬁponents
determines a ninimum ap of 75 cm. For plasma radii up to 2 m, the
aspect ratio een not be reduced significantlybbelow 3.5-4.0, since a
larger transfermer core is required to establish the larger dis-
charge currenre. While present tokamaks exhibit maximum Tw at

qa 2 3 [12], the plesmas of interest here need have only relatively
modest n, Tg for their size. Furthermore, since T (r) can be regu-
lated by the very intense beam injection, the current profile
should be suff1c1ently flat so that g = 2.5 is grossly MHD stable.
We adopt thls.yalue of g in our calculations.

The max1mum field at the toroidal field coils falls in the
range .70 kG (Nle) | to 150 kG (Nb3Sn). With a 1.0-m
shield on the small-R side of the torus vacuum vessel, taking A
= 4.0, and var&ing Ro.in the range 3 to 6 m, the corresponding
fields on the magnetic axis lie in the range 25 to 70 kG.

Next consider the problem of beam penetration. Defining
A, as the neutral beam trapplng length for 1/e attenuation,

t
then adequate penetratlon is attalned for tangential 1n3ectlon

when )\t/ap > 0. 5, while for perpendicular injection,
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)\t/ap as small as 0.25 is permissible [26]. While we specify |
oblique injection at a number of angles from tangential to per-
pendicular, we also use the condition )\t/ap > 0.5, in order to

allow for the possibility of Zeff >;1. (At large Zeff’ tangentiél
injection is not required to insure a nearly isotropic fz(v).Employing
obligque injection alone aids penetration, and enhanced pitch-angle
scattering serves to isotropize the fast-ion velocities.) The

effect of Ze on penetration is considered specifically in [18,27].

£f
As explained in Section 3.3, we assume uniform ne(r), Te(r).

Then a second limitation on the elect;on density is

where i<ov>I is the sum of the rate coefficients for ionization
by charge exchange, ion-impact ionization, and electron ioniza-
tion [28]. (In calculating_kt, we treat all plasma ions as sta-
tionary. Actually, when nz/ne is large, an appreciable number of
thermal ions are replaced by fast ions. On the average, the rela-
tive velocity between the injected neutral and the plasma ions is
increased, so that ionization cross sections are reduced, and At
is larger. Therefore, the present calculation gives us additional
margin in the e~wvent that Zeff 1,)

In calculating neutron production rates, we use the minimum
of (ne)Ml and (ne)MZ‘ .For a given plasma size, (ne)M2 is the
limiting density for small Wo' while (ne)Ml is the limit for large

Wo‘ Our range of injection energies extends to 400 keV for D°

(600 keVv for To). With positive-ion beam technology and the use
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of direct-convers?ongpf unneutralized ions, injection efficiency
can be as large as 40% for W, = 250 kev [29], and efficieéncy in-

creases at smallg? Wo? Efficient beam injection at Wo > 250 kev

requires the difficult technology of negative-ion sources.

11 :
7.2 MAXIMUM NEUTRON PRODUCTION RATE

H L
H

The total reaction rate per unit volume is

2
n n, n
2 1 2 2!
R, = n — ] <ov>.,, + == <oV>. .,
t e ,(ne> 11 n, ng 22
(25)
n..n n,, n
. 1 o 1' 72
+ — ov>..,, + —— == <ov>.,
n, ng 12 | ’ne ng 1'2

Given nz/ne, Te’ and WO, the maximum value of R, is found by

t

substituting Eq. (23) or (24) for n,. In order to express areas

and circumferences in terms of S, we take the elliptical cross

section as illustrative. Then S = (1 + b2/ap2)1/2//7, where b is

" the length of the vertical half-axis. The neutron production rate

from a plasma of mid-plane radius ap, with A = 4.0, is

. _ 2_3,,.2 _ . 172
K P = Rt8n ap (2s 1) - (26)

Figure 11 shows the variation of Ph with plasma radius and injec-

tion energy, at Bt = 50 kG and S =:1'0‘ For each ap, there is an
optimum Wo for: maximum Pn’ which occurs when (ne)Ml = (ne)MZ'
(P_) is in the range 2><1019 to ZXI020 s—l, and increases
n’ max
2.4

roughly as ap . . For a given ap, there is little variation in
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(P) with n but the optimal Wo is reduced by increasing

n’max hot/ne’

nhot/ne' This shift reflects the .facts that the pressure-limiting

density (Eq. 23) is attained at smaller Wdy when nhot/ne is larger,

and that hot-ion collisions are more important at smaller Wo

(Fig. 6).

Figure 12 shows the relation between Q and P the total

out’

fusion power output, for plasmas of given radius. With constant

Wo and-n there is a unique relation between n, Tp and Q,

hot”Pe’
such as indicated in Fig. 7. 1In order to obtain the desired

it is necessary to adjust n, Tp (3],

trade-~off be#ween Q and Pout’

which controls Te and therefore Q. The power output incfeases

monotonically with ap, as also found by Sheffield [27] for the

and

ideal D-»T case. At a given ap, P £ has a maximum in n_ T

EI

therefore in T . The dots denote T, = 8 keV, our "standard"

ou

operating temperature, which gives Q-values slightly less than
unity, and output powers not far from the maximum attainable values.

The maximum injected power, Pout/Q’ tends to occur at very low Te'

7.3 MAXIMUM NEUTRON WALL LOADING

For certain.applications, such as materials testing or acti-
nide burning [30], large neutron wall loading is a more im-
portant performance criterion than the total fusion power output.
For plasmas and vacuum vessels of elliptical cross section, the |
neutron wall loading (in W/cmz) is

L]

12 2 .02 _ ..1/2
RtTrap (28 1) /CW (27)

= 2.26%x10
by 26x10

t

where the wall circumference is
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. 2 1/2 .3

: S p :

Here A is the width 'of the plasma scrape-off channel, which we

take as 20 cm.

i Figure 13 shows the variation of'qsw with plasma radius and

injection energy, for S = 1.0 and Bt = 50 kG. Maximum ¢Q varies
1/2 |

roughly as ap r as expected for circular plasmas in which the

*

maximum fusiépxoutput varies as ap (Section'7.2), and;A is
constant. As-zﬁnhot/ne increases, the wall loading increases some-
what, but theférincipal effect is a shift in the optimal";W0 to
lower values,aas for Pn. Except at small Wo’ it turns qut that
¢w decreases gith increasing Te’ but the trade-off in Q and ¢w
(analogous tdh%ig. 12) indicates that temperafures around 8 keV
are the most $£tractive.

Figures 12 and 13 indicate how reactor parameters can be chosen
most appropriétely for a given application. (1) For devices such
as engineeriné test reactors [?], where maximum ¢w and minimum in-
jection powerfare desirable:(i.e.;.to maximize ¢W/Pb), one should
operate with ép R 1.0 m, and employ W, in the range 125-200 keV.
(2) When both;maximum ¢w and maximum power output are fequired,
as in certainlhybrid reactors, one should operéte at ap32 1.5 m.

The optimal Wo can be képt near 200 keV, by going to n /ne

hot
> 0.2 (Fig. 13).

7.4 EFFECT OfiMAGNETIC'FIELD AND PLASMA ELONGATION

With circular plasmas of radius < 2 m, and B_ < 50 kG, the

t

neutron wall loading in 50:50 D-T reactors is limited to-at most

1 MW/mz. We now investigate whether appreciably higher ¢w can be
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attained by increasing B_ and S, keeping A = 4.0. Our "standard"

t
injection energy for p° is 200 keV (300 keV for TO), since previous

sections have indicated that this value is" the most widely useful.
Generally, the dependences of Pout or ¢w on S and Bt are formally
similar, and it is commonly thought that one can be traded off
against the other - that is, the technological difficulties of

opefating with very large B, can be traded off against the physical

t
difficulties of maintaining stable plasmas at large S and low g.

Figure 14 shows the effect of increasing Bt at S = 1.0.

For each ap, there is a minimum B above which n, is fixed by the

tl
requirement of acceptable beam penetration (Eq. 24). The largest

¢w are now attained at the smallest ap, where n, is pressure- ‘-

1imi£ed through most of the practical range of Bt' For small ap,
W
o, B.t__ .

still iimited to about 1 MW/mz, although somewhat larger values

Nevertheless, the maximum ¢w for circular plasmas is

can be obtained by reducing Te below 8 keV, or by employing larger
injection energies when aé > 1.5 m.

Figure 15 shows the effect of increasing the vertical elonga-

t

’tion of the plasma, when B, = 50 kG. vFor each ap, there is a
minimum S above which n, is nearly fixed by the beam-penetration
requiremenﬁ. The wall loadings increase significaﬁtly with
nhot/ne; wﬁen the hot-ion pressure is small; the plasma density is

already nhear the penetration-limited value (Eq. 24) when § = 1.

A wall loading as large as 2.5 Mw/m2 can be attained at ap 75 cm,

when nhot/ne = 0.3, and S = 1.75 (b/ap'= 2.26). For small ap and
4

small S, ¢w increases nearly as S .

Another approach to calculating the variation of maximum wall

loading with.ragnetic field and plasma elongation is the following.



The geometrical dimensions of the components on the small-major-
radius side df the torus are fixed as follows: transformer core
radius = 1.2.ﬁ, TF (Eoroidal fieid) cgil thickness = O.éS m, shield
thickness = 110 m, A'= 0.25 m. Then the inner edge of the plasma

is located at R = 3.1 m. The maximum TF field, BM, oécurs at

R = 1.85 m. For given values of B, and b/ap, ¢w is maximum when

M

n, is limited both by adequate neutral-beam penetration and by

the plasma pressure limitation; that is, (n ) = (n ) 7} or

’ | S R [

M1 M2 .
2 2.

2 ap'[l + (b/a)) 1By

=% 3 (29)

-gp (3.1 + a_)

- P
where C4 is a:i:constant for given values of Wo’ Te and nhot/ne'

Equation (29)7éan be solved for ap, and the corresponding ¢w cal-
culated from Eq. (27). In the present approach to calculating ¢w’
the plasma asﬁéct ratio may depend strongly on both BM and b/ap.

For ap<<3.1 m.KA>>1), it is easily shown that ¢w is apprbximately

proportional to B, and to b/ap. In the same approximation, the

M

required injection power is pearly pfoportional to b/ap,iand nearly

independent of-BM. |
Theoretidél considerations indicate that the largest vertical

elongation for which stable operation is possible at low g is

b/ap ~ 2 to 3 112,31]; for an elliptic cross section, b/ap = 3

corresponds té S = 2.2. (In practice, stability at low q will

require a D-shaped, rectangular, or doublet cross section [12,31].)

Figure 16 shows the variation of maximum ¢w with both b/'ép and BM’

for W = 200 keV and T_ = T, = 8 keV. At small b/a_ and small B_,
o e i P M

v
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both ap and Ip must be extremely large to satisfy Eq. (29); in
Fig. 16, we include only regions where Ip < 10 MAﬂ As expected,
¢w increases fairly linearly with both b/ép and BM. .(This be-
havior is to be contrasted with the B4S4 behavior when n, is below
the penetration-limiting value, as in Figs. 14 and 15.) While
there is a trade-off between large magnetic field (i.e., Nb3Sn
coils) and plasma elongation, both are needed in order to attain
the larges£ wall loadings.

Increasing the relative proportion of energetic ions results
in a significant increase in ¢w. Fonzexample, ¢w increases by
approximately 60% when nhot/ne is raised from 0.1 to 0.3. How-
ever, the total injected power must increase by an even largef
factor, since the plasma volume turns out to be somewhat larger
in the nhot/ne = 0.3 case; and the Q-value is slightly smaller
(cf. Fig. 7). The operating conditions of Fig. l6(a) are most ap-
propriate for maximizing ¢W/Pb, while the conditions of Fig. 16(b)
are most appropriate fof maximizing both ¢w and Pout'

The procedure just described for maximizing ¢w evidently cor-
responds to operating at the "knees" of the curves in Figs. 14

M

the pressure-limited density, so that the plasma radius must be

and 15. An increase in b/ap or in B, results in an increase in

reduced to allow satisfactory penetration of the injected beams.

¢

Thus willhh iucreasing b/‘ap or B ., we advance from the knee of one

M
ap contour to the knee of a smaller-ap contour. (This description
is only appfoximate, since the curves in Figs. 14 and 15 are calcu-
lated for constant aspect ratio.) 1In préctice, high-power. opera-

tion at very small ap would be extraordinarily difficult, because

of the problems of neutral-beam access [25]: When using the
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present method tq optimize the plasma size for the largest neutron

wall loading,” thé plasma volume always decreases, while-Pb must

increase almost l;nequy with b/ap, as shown in Fig. 16, although

it can drop slightly with increasing-BM.

7.5 ROLE OF THE MAGNETIC DIVERTOR
For typiéalgopefating conditions such as WoD = 200 kev, Te
hot/ne = 0.20, we have TS/TE = 2.0. 1If Tp x 3TE [12,24],
the particle outflow from the plasma is 2n1/'rp o 2.7nhot/Ts.
21 particles/s,

= 8 keV, n

Taking P, = 300 MW, the injection rate is 7.5x10

b
while the outward flow rate is ZX1022 particles/s. This particle
outflux cannot be handled by cryopumping in ducts surrounding the
torus, if the, gas pressure in the beam ducts is to remain suffi-
ciently low that neutral beam transmission is not impeded (i.e.,

p < 3x107°

torr). Furthermore, under the above conditions, the
injected beam§ supply approximately 35% of the particle outflow
rate, so that if the plasma density is to be constant, 65% of the
exiting ions must be recycled. On the average, an outgoing ion
must be recycléd 1.7 times (cf. Eq. 19).

The pumpi#g requirement éan be met if outflowing ions flow
rapidly into éiburial chamber. The functions of a magnetic di-
vertor in the‘bresent context inclﬁdé: (1) regulation of. the
pumping and recycling of outflowing plasma ions, so that n_ is
maintained constant throughout the power pulse, while the gas
pressure outside the discharge region is kept small; (2)_;emova1
of energy}from”the torus, thus alleviating bombardment of the

wall; (3) shielding of tle plasma from impurities sputtered from

the wall.
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These requirements can be met by a shielding-unload divertor
with a wide scrape-off channel (~ 10 cm) that captures all ions
crossing the separatrix, and which is particularly suited for
quasi-stationary fueling [32]. The plasma ions flowing into the
burial chamber do recombine, but the pressure in this chamber is
maintained at an appropriate level, so that many neutrals are re-
ionized. The result is a net slowing down of the plasma outflow,
to an extent determined by the regulated pressure in the burial
chamber. In order that 2/3 of the plasma, for example, be recycled,
the pressure in the burial chamber must be of order 5><10-5 torr.

There is no recycling of neutrals in the torus itself. Since
the cold shield plasma of the scrape—eff channel completely traps
the exiting ions, there should be negligible gas buildup in the
torus, or in the beam ducts [32]. The load on the cryopumps in
the beam ducts is then determined essentially by gas flowing from
the ion sources and neutralizers. This type of divertor would al-
so be effective in ionizing and trapping impurities sputtered from

the wall [15].
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{ s} a4
- y p . 8. CONCLUSIONS
| The problems of: plasma fueling and exhaust for high-duty-
“factor, constant-output performancé of intensely beam-driven toka-
mak reactors may.compel a 50:50 D-T mode of operation, with the
bulk-plasma temperature (T, = T;) maintained by injection of both
D and T neutral beams of equal current and velocity. A shielding-
unload divertor is required to pump the plasma outflux, and to
control the recycling of plasma iqns.’ |

When both D and T are neutral-beam injected with comparable
intensities, fusion reactions between energetic ions can contribute

significantly to the total fusion power output, Po Neutron

_ ut.”
source characteristics are determined most conveniently-by means

of fusion reactivities calculated separately for energetic-ion
reactions, target-plasma reactions, and thermonuclear reactions.

For n /ne 2;0.3, and Wo 2 12 Te' these reactivities can be calcu-

hot
lated sufficiently accurately using energetic-ion distribution

functions determined from the Fokker-Planck equation without energy
diffusion (but including an gpergetic tail above the injection
velocity). Multi-angle injection is specified, so that the hot
io?s have isotropic velocity distributions. For conditions where

Q ~ 1, beam—targef reactions are dominant, although energetic-ion
reactions make a substantial contribution to P0 when nhot/né

ut

hot/ne' a given Q-value X 1 can-be main-
' - -3

tained with n(E-Values substantially below 1013 cm " s.

When tritium is injected via energetic neutral beams (rather

AV

0.2. With increasing n

than by pellets or gas),'the fractional burn-up of tritium per
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pass is maximized. For Te = 6 to 10 keV, and Wo = 200 keV, the
burnup rate once-through the reactor is 2 to 3%.

The variation of Pout and neutron wall loadings with several
plaéma parameters has been determined, when the plasma density is
limited either by the requirement of adequate neutral-beam pene-
tration, or by the plasma pressure limitation. . Given Wo' radius,

and n P has a maximum in Te(which is determined by an),

hot/ne’ out
and therefore in Q. An operating temperature suitable for many
applications is Te = 8 keV, which results in Q-values slightly

ut
For circular cross-section plasmas, the 14-MeV neutron wall

less than unity, but with Po near thg maximum possible value.
loading, ¢w' is limited to little more than 1 MW/m2 at Q ~ 1, even
at the largest practical magnetic field strengths. Larger wall
loadings are possible by vertical elongation of the plasma, when
nhot/ne > 0.1. Maximum ¢w is obtained when the plasma density is
limited both by the neutral-beam penetration, and by the MHD limit
on the total pressure. If the geometrical dimensions of the inner
tokamak components are fixed, and the plasma radius adjusted to
satisfy the above condition, then ¢w increases approximately pro-
portional to both magnetic field and vertical elongation, b/a.
With W_ = 200 keV and T_ = 8 keV, ¢_ 5 4 MW/m? is attainable with
maximum field at the TF coils of 140 kG and b/a = 3.

In 50:50 D-T operation, utilizing both D and T injection with
the same intensity and velocity, the use of relatively large values
of nhot/ne méy have several advantages: The largest ¢w are obtain-
able for given-sized devices (but at the price of larger injection
power); n _T_ is smallest:; and for a given power output or ¢w' the

e E

neutral-beam *>ltage can be minimized.
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SYMBOLS

plasma minor radius

o]

aspect ratio, Ro/ap
half-height of elliptic plasma
toroidal field on magnetic axis
maximum toroidal field (at coil)
poloidal field

c constants
circumference of vacuum wall
yield of D-T reaction (17.6 MeV)

H B O O W o woorp
H H f = T =

th
58]

velocity distribution of thermal ions, energetic
ions

fractional burn—up‘ofytritium per pass

injection rate

M
T U T

plasma current

mass of thermal ion, energetic ion

=
o
=

[\

electron density

o}

50
o
=
=

maximum density permitted by pressure limitation
“%QMZ maximum density permitted by neutral-beam penetration
DDy density of thermal deuterons, tritons

Ny Ny, density of epergetic deuterons, tritons

n, + n

Dhot 2 21

number of times a triton is recycled
plasma pressure
injection powcr dcneity

fusion power density

v I v B « B (o B~
Hh O

total neutron production rate

v
o]

out total fusion power output

safety factor at the limiter

fusion power multiplication factor

w0 Q

major radius (magnetic axis)

o)

oo
[
.

reaction-rate density for reactions among (i,3J)
components

total reaction-rate density

nw
(-f

plasma circumference/ZTrap

H

electron temperature
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ionmtemperature

velocity at which electron drag = bulk-ion drag
electron thermal velocity

bulk~ion. thermal velocity

"sink" velocity for energetic ions

injection velocity

injection energy

mean energy of superthermal deuterons, tritons

effective ionic charge

plasma beta in thé poloidal magnetic field

ratio of energetic-ion energy density to bulk-
plasma eneryy density

mean-free-path for trapping of injected neutral

fusion reactivity for reactions among (i,3j)
components

energy confinement time
particle confinement time
slowing-down time of energetic ions

neutron wall loading
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Fig. 1. Fusion power multiplication for an energetic
deuteron injected into a tritium background plasma (D>T), or an
energetic triton injected into a deuterium plasma (T-+D), taking
17.6 MeV per reaction. Target ions are Maxwellian_with T, = T _.
Coulomb logarithms are calculated at n, = 1014 o3, 1 e
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Fig. 2. Steady-state velocity distributions fgr energetic
deuterons of density n., injected at 150 keV (3.8x10  cm/s) into a
deuterium background pfasma with Maxwellian ions of density n
and temperature T. = T . v_ is the deuteron velocity at W = }T .
The dashed line ifi (a)€is tle result of a numerical Fokker- €
Planck calculation.
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Fig. 3. Fusion reactivities for target-plasma reactions of

(a) d=uterons and (b) tritons injected at energy WO into a 50:50

D-T plasma at temperature T = T.. Isotropic, stedady-state dis-
tribution of energetic ionsS <o¥> is the reactivity of

the target ions at temperature Ti.thermal
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Fig. 4. Fusion reactivity of isotropic,. steady-state dis-
tributions of deuterons and tritons injected into a 50:50 D-T
plasma of. temperature T = T,. Triton injection energy = 3/2
deuteron injection energy. 1
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Fig. 5. Ratio of the thermonuclear reaction rate (R,,,) to
the target-plasma reaction rate for a 50:50 D-T plasma wi%%
temperature T = T, maintained by injection of deuteron and tri-
ton beams of the sdme intensity and velocity. n ot is the total
density of energetic ions. ©
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Fig. 6. Ratio of the fusion reaction rate of isotropic

energetic deuterons and tritons (R,,,) to the target-plasma re-
action rate for a 50:50 D-T plasma“Wwith temperature T_ = T, main-
tained by injection of deuteron and triton beams of tfie sathe

intensity and velocity. N ot is the total density of energetic
ions. :
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Fig. 7. Fusion power multiplication for 50:50 D-T plasmas

at temperature T_ = T, maintained by injection of energetic ,
deuterons at ene%gy W' and tritons at energy 3/2W_. The dashed
curves are cc.tours o N Tpe  DBpoe is the total dgnsity of ener-
getic¢ ions.
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ons and 600-keV %ritoﬁs, The dashed curves are contours of n TE.
Ny ok is' the total density of energetic ions. €
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Fig. 9. Fractional burn-up of tritons-during deceleration
in a 50:50 D-T ‘plasma, after injection at energy W,... Both
target-plasma and energetic-ion reactions are taken into account.
N ot is the total density of energetic ions. :
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Fig. 10. Fractional burn-up of thermalized tritons during

their lifetime in the thermal D-T.plasma of temperature T, = T;-
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Fig. 11. Variation of neutron production rate with plasma
radius and “njection energy for 50:50 D-T plasmas of circular
cross sectionn maintained at T = T. = 8 keV by injection of D and
T beams of the same intensityeand Velocity. Aspect ratio = 4.0.
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Fig. 13. Variation of neutron wall loading with plasma
radius and injection energy for 50:50 D-T plasmas of circular
cross section maintained at T = T, = 8 keV by injection of D and
T beams of the same intensityeand Velocity. Aspect ratio = 4.0.
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Fig. 16. Maximum neutron wall loading versus plasma vertical
elongation (b/a_) and magnetic field at the coil (B ) when the
distance fromftge major axis to the inner edge of t%e p%asma is
fixed at 3.1 m. Elliptical plasma with W_ = 200 keV (D7), 300
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