
JANUARY mf6- "- ' - MATT-1180 

FUSION REKTIVITIES AND NEUTRON 
SOURCE CHARACTERISTICS OF BEAM- 

DRIVEN TOROIDAL REACTORS WITH 
BOTH D AND T INJECTION 

BY 

, . 

Dm Ln JASSBY AND H,  Hm TOWNER 

PLASMA PHYSICS 
LABORATORY 

PRINCETON UNIVERSITY 

I PRINCETON, NEW J E R S E Y  

This work was supported by U. S, Energy Research and Development 
Administration Contract E(11-1)-3073, Reproduction, translation, 
publication, use and disposal, in whole or in part, by or for the - - 

United States Government is penalifted. 
~l~TRiBW71rn OF T' 



DISCLAIMER 

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible in 
electronic image products. Images are produced 
from the best available original document. 



NOTICE 

This report was prepared as an account 
, of work sponsored by the United States Gov- 
ernment. Neither the United States nor the 

- United States Energy Research and Development 
Administration, nor any of their employees, 

1 nor any o* their contractors, subcontractors, 
ar their employees, makes any warranty, express 
or implied, or assumes any legal liability or 
responsibility forthe accuracy, completeness 
or usefulness of Ecny infgrmatkon, apparatus, 
product or process disclosed, or represents 
that its use would not infringe privately 
owned rights, 

I Printed in the unit=d States of America. 

Available from 
National Technical Information Service 

U. S. Department of Commerce 
5285 Port Royal Road 

Springfield, Virginia 22151 
Price: Printed Copy $ * ; Microfiche $1.45 

NTTS 
Selling Price 



FUSION REACTIVITIES AND NEUTRON SOURCE CHARACTERISTICS OF 

BEAM-DRIVEN TOROIDAL REACTORS WITH BOTH D AND T.INJECTION 

D. L. JASSBY, H. H.'TOWNER 

Plasma Physics Laboratory, Princeton University. 
Princeton, New Jersey 08540, U.S.A. 

ABSTRACT 

We consider the reactor performance of intensely 

j 

, 

beam-driven tokamak plasmas with. 50:50 D-T composition 
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maintained by neutral-beam injection of both D and T, 

together with plasma recycling. The D and T are injected 

with equal intensity and velocity. . This mode 05 operation 

is most appropriate for high-duty-factor, high-power- 

density operation, in the absence of'pellet injection. 

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- 

tially to ,Pfusion whenn hot n e -  > 0.2. 

For given values of injection energy W , plasma 
0 

radius a and nhot /" 'fusion has n maximum in n e ~ E  
P - 

(which determines Te - Ti), and therefore in Q. Suitable 
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c o n d i t i o n s  ' for 'hany a p p l i c a t i o n s  a r e  Wo - 200 keV, Te . 
. . 

Ti : 8 kev,:jana[ 0 .1 2 nhot/ne 2 0.3, f o r  which Q = 0.7 t o  

1.0 and =' 0.6 t o  2 x 1 0 ~ ~  ~ m - ~ s .  The l a r g e r  values of 

n  /n y i e l d  t h e  l a r g e s t  neutron wa l l  loading,  +w", f o r  h o t  e 

g i v e n - s i z e d . d e v ~ c e s ,  permit  a smal ler  Wo f o r  a  given 
. .- v *. . 

' fusion o r  %, and demand t h e  s m a l l e s t  n ,~$ .  When n a  
e P 

i s  l i m i t e d  both by adequate neutral-beam penefration and 

by t h e  MHD p r e s s u r e  l i m i t a t i o n ,  then Ow i nc reases  s l i g h t l y  

f a s t e r  t han  l i n e a r l y  w i L 4  Lvth maximum magnetic g i e l d  ( a t  

t h e  c o i l s )  and plasma v e r t i c a l  e longa t ion ,  and can reach 

2 ' 4 MW/m wi th  BM = 140 kG and e longat ion  = 3. 
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1. INTRODUCTION, 

Beam-driven D-T toroidal fusion reactors have been discussed 

in a number of recent papers [1,2]. ~ar~e'values of Q = (fusion 

power production/injected beam power) are attainable provided that 

nrE, the product of density and energy confinement time, is suffi- 

ciently large ( >  5 x 1 0 ~ ~  ~ m - ~ s )  . On the other hand, the maximum 

attainable fusion power density, Pf, tends to occur at relatively 

modest values of n ~ ~ ,  where Q is of order unity 131. There are a 

number of potential reactor applications where a large production 

rate of 14-MeV neutrons at Q-1 is des:&.rable: fusion engineering 

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

fission hybrid reactors [5-71, and the burning of long-lived acti- 
I * 

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

tend to favor the maximization :of Pf and the related . 
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, 

sirice 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-nrE, high-Pf regime is often referred to as TCT (two- - 
eiieryy-cumponent torus) operation. Ideal TCT performance* is 

realized ill ,tilt! case uf a pure tritium plasma whose temperature is 

sustained by Coulomb energy transfer from injected superthermal 

.deuterons [l-31. However, maintaining a highly enriched tritium 

plasma in the face of continuous deuteron injection is a formida- 

ble problem, cxd probably requires the continuous injection of 



i r i t i u m  p e l l e t s .  4 1 d f t h e  absence o f  p e l l e t  i n j e c t i o n  technology,  

t h e  o p t i m a l  t r i t i u m  -i trategy,  which i s  d i scussed  i n  Sec t ion  2 ,  
. . "... 

Appears t o  con , s i$ t  d f  t r e a t i n g  t h e . d e u t e r o n  and t r i t o n  plasma corn- 
. . 

p o n e n t s  i n  a p e r f e c t l y  symmetric manner. That  i s ,  DO and TO beams 
'. .. 

are i n j e c t e d  w i t h  t$e same v e l o c i t y ,  and wi th  s u f f i c i e n t , i n t e n s i t y  
.- 

t o  m a i n t a i n  a 5Di50 D-T bu lk  plasma - which i s  f u e l e d  by t h e  i n -  .. . .. ... . 

j e c t e d  beams t o g e t h e r  w i t h  plasma r e c y c l i n g .  The values . .of  Q and .. . . . . . 

Pf are n e c e s s a r i l y  smaller than.  t h o s e  a t t a i n a b l e  i n  t h e  ideal D- 
- 

on-T s i t u a t i o n ,  a l t hough  s i g n i f i c a n t  f u s i o n  power i s  a l s o  produced 
. . 

from t h e r m o n u d e a r  r e a c t i o n s ,  and e s p e c i a l l y  from reactl ions among . . .. 

t h e  e n e r g e t i c : * D  and T i o n s  themselves.  I n  t h e  1 i m i t i n g . c a s e  where 

t h e  super thermal - ion  d e n s i t y  becomes a l a r g e  f r a c t i o n  o'f,..the e l e c -  

t r o n  d e n s i t y ,  one  approaches  a c l a s s  o f  r e a c t o r s ,  such a s  t h e  CBT 

o r  CIT ( counte rs t reaming- ion  t o r u s  ) (8-101, which can provide  

l a r g e  Q and P ' i n  r e l a t i v e l y  s m a l l  t o r o i d a l  dev ices .  
f . .  

T h i s  paper  p r e s e n t s  t h e  f u s i o n  r e a c t i v i t i e s ,  power m u l t i p l i c a t i o n ,  

power o u t p u t s ,  .and neu t ron  w a l l  l oad ings  f o r  50:50 D-T t o r o i d a l  
. :  

plasmas main ta ined  by i n j e c t i o n  o f . e n e r g e t i c  D and T n e u t r a l  

beams, f o r  wid,e r anges  o f  i n j e c t e d - e n e r g y  and r e l a t i v e  super thermal-  

= i o n  d e n s i t y .  P a r t i c u l a r  . . account  i s  t aken  o f  f u s i o n  r e a c t i o n s  
. . 

among t h e  e n e r , g e t i c  D and T i ons .  - While most o f  t h i s  work a p p l i e s  
. . . . 

t o  any low-to-moderate-beta t o r o i d a l  r e a c t o r ,  w e  c o n s i d e r  spec i -  

f i c a l l y  tokamak d e v i c e s .  S e c t i o n  -2 of  t h i s  paper  p r e s e n t s  t h e  
~. 

r a t i o n a l e  for . .50:50 D-T sys tems.  Sec t ion  3 d e s c r i b e s  t h e  v e l o c i t y  
b 

d i s t r i b u t i o n s  t h a t  are used i n  S e c t i o n  4 t o  c a l c u l a t e  f u s i o n  reac-  
I 

t i v i t i e s  among..the v a r i o u s  D and T plasma components. These r e a c t i v i -  

t ies  are t h e n  .employed t o . c a l c u l a t e  9 ,  P,, and o t h e r  neu t ron  source  .. ... I L . .. . ... . . . ,,,, 



characteristics. Section 5 presents'Q-values for 50:50 D-T systems, 

as a function of relative energetic-ion density. The corresponding 

fractional tritium burn-ups are given in Section 6. (This latter 

quantity determines the required capacity of the tritium processing 

system, as.well as the required plant tritium inventory.) Section 

7.describes how the fusi.on power output and neutron wall loading 

vary with plasma parameters; including.neutra1-beam energy, plasma 

elongation, and magnetic field strength. The plasma density 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 D+T 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, Pf, and fractional tritium burn- 

up. Figure 1 shows Q as a function of injection energy W and 
0 

bulk-plasma temperature Te = Ti, for both D+T and T+D. (These 

calculations use the energetic-ion slowing-down formulation of 

Reference [ll].) As expected, the T+D Q-values peak at injection 

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

where the injected velocities are nearly 'th@ same. For typical plasma 
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eemperatures (5-10 kev), the T+D Q-values are about 20% smaller. 

[ ~ t  very low Te, electron drag is dominant, and the 50% greater 

investment in W for T+D is balanced by the 50% larger slowing- 
0 

down time. At large Te , ion drag becomes important, and' the 

energy slowing-down rate on background ions is 50% larger for T+D 
1 
than for D-T.. In the limit of very large Te, QTID = 2/32~D+T-) 

If a target plasma of given ne, Te and rE is heatkd solely 

by injected beams, then Pf a Q, so that maximum P in the T+D f 

case is typically lower than for D+T by about 20% - if :there is 
no restriction on plasma pressure. The pressure of the energetic- 

ion componentin 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 by MHD equilibrium, then both ne and P must be re- b 

dbced 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 f' Summarizing, for T+D, maximum Q is about 20% 

lower, and Pf may be 35% lower than the maximum values £oar D+T. 

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

reactors, we have rs ? T ~ ,  where rs is the fast-ion slowing-down 

/n 2 1/10 [ 3 ] .  If r is the ion lifetime ..in the time, and nhot 
P 

thermal plasma, we have, typically, r ? 3rE 1121. (Note'that r -  
. P E' 

includes - all transport, radiation, and charge-cxchange lo'sses.) 
. . 

Defining Fb as the fractional burn-up of tritium per pass, then 

for reactors of the same power output, 
. . ... 



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- 
' 

jected (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 operation, which are discussed in the following. 

2 . 2  METHODS O F  TRITIUM FUELING 

We can differentiate various modes of operation bf 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 nerE-values, typically less than 3 x 10 13 cm-3 S. 

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-bT 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 [14]. As before, we assume that 

T~ 2 -rE, and r - 3rE. The lifetime of thermalized deuterons 
P 

should be approximately T - T since there is a gradual'diffu- 
P s' 

slon outward of fast deuterons during slowing-down. If plasma 

recycling can be eliminated, in steady state the fraction of 

deuterons amonq the thermal ions is 





economically viable. Further serious problems are the thermal cy- 

cling experienced by the blanket and vacuum.wal1, and the energy 

storage required between cycles. (Actually, it may not be neces- 
, . 

sary to shut down 'the plasma current, if the gas 'charge can be 

,purified between power pulses by admitting tritium and simultane- 

, ously pumping for an extended period.) 

2.2.3 Gas injection o'f"tr.i'tium. 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 plasma 

would build up to a larger value than in the pellet-fueled case, 

and the plasma density might reach intolerably high levels during 

long pulses. The density-thickness product of the cold blanket 

region must be relatively small ( <  lo1' ck2) ,. in order to ~ermit 

beam penetration to the reacting region of the torus, while the 

gas pressure in the beam ducts must be maintained at less than 3 x  

lo-' torr. 

2.2.4' Low-vol'tage' beam' in'jection. The plasma tritium content 

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

flux must be IbT = n / r  or about 3 times the flux of the react- 
T P' 

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

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 



bf D in the b~lk-'~lasma can probably be kept as small as 25%. An 

obvious disadvantage', however, is that the Q-value of the whole 

system is reduced by a factor of about two (if WoD - 3WoT). The 

rinite pressure of the fueling beams may demand a significant re- 

auction in n so that Pf is reduced by a factor of 1.2 to 1.4. 
e :! 

A further disadvantage is that a significant fraction of the TO 

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 D-T bulk plasma with D and T beams. If none of the. 

a b ~ v e  methods can be implemented, or if their drawbacks are in- 
. . 

tolerable, the most straightforward procedure is to treat deuter- 

.ons and tritons in an identical fashion: One maintains a 50:50 
..- . . 

3-T bulk by injecting D and T neutral beams of equal velo- 

city; fueling is carried out both by injected ions, and by plasma 
. . 

.. . 
, . 

recycling. A shielding-unload divertor [15] is required for 
. . 

pumping, and to control the buildup of plasma density over long 

pulses, as well as to alleviate ion bombardment of the vacuum 

wall. While Q and Pf are lower than in the ideal D+T method, the ... 

advantages of:.ithe present technique are that proper fueling is . . 

provided automatically, the power output is well-defined,,and con- 

stant during the pulse (in the absence of impurity buildup), and 

the fractional:.burn-up of tritium is relatively large. The length 

of the power pulse is limited fundamentally by the flux swing in 

.the transformer core and could be many tens of seconds .for a de- 

vice of 1-m radius. It is this mode of operation'; that we 

feel 'is most p'ractical. 



2.3 FURTHER CHARACTERISTICS OF 50:50 D-T OPERATION 

We make two important specifications. First, we take WoT 

= 1.5 WoD, SO that the DO and TO beams have the same velocity, and 

therefore the same efficiency of production and penetration into . 

the plasma. Second, we specify that both DO and To beams be in- 

jected at a number of angles 8 with respect to the magnetic axis 

0 ' - 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 velocity- 

space instabilities [1217]. (2) If the thermal  and T+ have the 
same li.fetimes, as seenis likely, then the deuteron and triton par- 

ticle injection rates must be the same. The injected triton s,ca- 

lar momentum is then 1.5 times larger, but multi-angle injection 

eliminates the possibility of a buildup in plasma momentum. (3) 

Overall penetration of the neutral beams is not as affected 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 (I 2 1.5 MA), loss 
P 

cones in velocity space are relatively insignificant. However, 

ripples in the toroidal magnetic field must be mimimized 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 [8-101, 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. 



I n  t h e . . r e s t  of  t h i s  pape r ,  w e  d i s c u s s  t h e  performance of 

' s t eady-s ta te ' .50 :50  D-T plasmas i n  which n /n i s  i n  t h e  range h o t  e 
. . 

9 .01  t o  0 .3 , "and  f u s i o n  r e a c t i o n s  among super thermal  i o n s  are t a -  

ken i n t o  account .  

3. CALCULATIONAL MODEL 

I n  t h e  fo l lowing ,  t h e  s u b s c r i p t  1 refers t o  thermal  i o n s  a t  

t empera tu re  T'. w h i l e  t h e  s u b s c r i p t  2 r e f e r s  t o  super thermal  ( h o t )  
1 

i o n s  formed by n e u t r a l  i n j e c t i o n .  ~ n e r g e t t c  i o n s  whose energy 

f a l l s  below 2Ti are assumed t o  be absorbed by t h e  thermal-ion d i s -  

t r i b u t i o n .  I n  t h i s  work, w e  t a k e  Ti = T a cond i t i on  t h a t  i s  e '  

Gkpected t o  hyold r a t h e r  w e l l  i n  a p r a c t i c a l  dev ice  f o r  a-number 

Of r e a s o n s :  Over most o f  t h e  parameter  range of  i n t e r e s t ,  t h e  

e n e r g e t i c  ions '  s h a r e  t h e i r  energy roughly e q u a l l y  between thermal 

i o n s  and e l e c t r o n s ;  t h e  e q u i l i b r a t i o n  t i m e  between thermal  i o n s  

and e l e c t r o n s  i s  comparable t o  re: a l a r g e  p ropor t ion  o f : t h e  

thermal - ion  pd.pulat ion,  v i z . ,  a  f r a c t i o n  (n  /n (T / T ~ )  , , . i s  
2 1  P 

formed d i r e c t l y  from d e c e l e r a t e d  e n e r g e t i c  i o n s .  The thermal-ion 

p o p u l a t i o n  i s  t aken  as Maxwellian: 
, ,". 

.A 

The s t e a d y - s t a t e  v e l o c i t y  d i s t r i b u t i o n ,  f 2 ( v ) ,  of  t h e  ener -  
. .. 

g e t i c  i o n s  i s  c . a l cu l a t ed  ' 'us ing ' t h e  fo l lowing  model: 



A 

(1) Multi-angle injection at ,velocity vo, so that. f 2 (v) is 

isotropic. 

(2) Particle sink at v = v so that f (v) = 0, v < v . m' 2 m 

(3) ve"v >>v where v and vi are the average thermal ve- o i' e 

locities of electrons and bulk ions. 

(4) Ions with v > vm 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 . 
0 

( 7 )  The toroidal electric field is insignificant. 

With these assumptions, the Fokker-Planck equation at v -. < vo 
. 

becomes simply 

dv - constant f2 (V)V m - 

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

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

T h e  Lail d L  v > v 1s produced by energy transfer from fast parti- 
0 

J cles (electrons and ions) of,the thermal plasma. If Ti = Te, this 

tail is Maxwellian-like at temperature T : - e 



The normalization constant, C1, is given by 

I 

I n  - Equation ( 5 ) ,  v is the velo~ity at which the coulomb drag for- 
C 

cces .- exerted by the electrons and bulk-plasma ions are equal: 
, . 

Here Te is in keV, Ai denotes atomic weight, and the summation is 

.over the ion species of the bulk plasma. The Coulomb logarithms 
I 

are calculated' as in [ll] . Even when f (v) is not isotropic, Eqs, 
. '. 

'5 describe the steady-state scalar velocity distribution, found 

by integrating f (;) over all angles [ 1,171. E 

Figure 2 shows fl (v) and f2 (v) for a number of values of Te 

-- -- Ti and n2/ne , taking v2 = ~T,/M~. In all cases, f2 (vm) <<f (V ) . 
m !: In 

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

-ge.tic .i,ons., when calculating react2vities and slowing-down times. 



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 Eqs. 

(5) in describing f2 (v) . However, even when n2/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 the much larger relative ve- 
. . 

locity, on the average, between energetic ions. Reference [20] 

shows that the main effect on f2(v) of energetic-ion interactions, 

at least when n2/ne is not too large, is to broaden the tail at 

v > v (which leads td an increase in Q). 
0 

Figure 2 (a) compares f2 (v) from Eqs. (5) with that calculated 

with a two-dimensional Fokker-Planck code [21], with isotropic in- 

jection and a sink at v The two distributions are normalized m' 

at v = v and are in excellent agreement for v > 1.6 vm. The c ' 
fact that the peak value of the numerical Fokker-Planck solution 

occurs at 1.4 v (rather than at v ) is due to energy diffusion m m 

caused by interaction with the thermal ions (vi = 0.86 vm). We 

find that the character of the numerical Fokker-Planck solution 

has very little variation for .01 2 n /n < 1/2 [21], thus just-- 2 e -  

fying the use of ~ q s .  (5) in this work, provided that Wo and Ti 

satisfy assumption (3). 

A quantity of.interest is 



1 2  2 .  
energetic-ion pressure - f IvI7M2v 4rv dv r = - 
bulk-plasma pressure (ne + nl)Te (7) 

Por ideal D+T systems, Pf is maximum when r is in the range 0.70 

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 

s > 1. With isotropic f2(v), these systems are stable to velocity- 

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

Beam-driven tokamak plasmas of practical interest will have 

plasma current I = 1.5 to 8 MA, and aspect ratio A = 3.5 to 6, 
: P 

so that at least.50% of the alpha particles resulting from fusion 

akll be confined in the plasma [22]. For plasma conditions of in- 
*... 

terest here, Q,,,< 2 (cf. Section 5). Then the pressure of the con- 
- 

fined alphas is p 2 0..2Qphot < 0.25 ptotal, if r 2 2. In cal- 
: :  a 

culating neutron source characteristics in Section 7, we specify 

that B < 2/3 A, where f3 is the total poloidal beta of the bulk 
P - P 

plasma plus energetic ions. Therefore a 258 increase in pressure - 
due to an alpha-particle population can be accomrnodated,~~~ithout 

violating the . 'MHD . limit of B = A. 
P 

For a given n T and injection power, alpha heating will e E 

raise Te by up to 40% (for Q - 2). resulting in a further increase 
. . .  . 

in Q. However,, we find it more convenient to specify Te, so that 

alpha heating is reflected by a lower requirement on n e < E 1  and 
need not be included directly when. calculating fusion power 

-. . 

d'ensit'ies. ,.. 
., . 



We assume that thermalized alpha particles are removed by 

the magnetic divertor, so that there is no.significant buildup of 

alphas during a power pulse. Therefore, by specifying Te and that 

. @P 2 2/3 A (without alphas), we can ignore the alpha population in 
calculating Q and Pf. But calculations of the corresponding n e ~ E  

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 average plasma pressure p allowed in a 
. . 

tokamak does not depend on the radial profiles of ne and Te, but 

only on the toroidal field, Bt, theplasma aspect ratio, A, and 

the rotational transform at the limiter, q. To obtain the largest 

possible p in a given device, q should be as 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 divertor [IS]; 

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 using different Wo for beams injected at 

different angles 8 to the magnetic axis. (Generally, the smaller 

8, the larger is W .)  
0 

If 'eff builds up during the power pulse, adequate penetra- 

tion can be maintained by increasing the voltage of obliquely in- 

jected beams. At the same time, the current of the tangentially 

injected beams is decreased, in order that the total injected 

power be constant. The reactivities, Q-values, and burn-ups 



. . 
presented ini!later sections are given as a function of w , so 

... 0 . . 

that average values for a particular system are readily calculated. 

The results in this paper, except for those of Section 7, 

apply to all toroidal reactors where the bulk-plasma temperature 

is maintained solely-by power deposition from energetic ions. The 

calculations in Section 7 apply specifically to tokamaks, but are 

easily generalized to other toroidal devices. It should be noted 

that in beam-driven tokamaks with Tc 2 3 kkev, a > 50 cm. and ncr, 
1-' 

-3 5 3 x 1013 cm s ,  ohmic power dissipation is negligible, even 

fur Z 3 b 1  [5]. eff . 

4. FUSION PJZACTIVITIES 

4.1 CALCULATION OF <av> 
... . 

Extending the notation of Section 3, subscripts 1 and 1' 

refer to thermal deuterons and tritons, respectively, while sub- 

scripts 2 and 2' refer to superth.erma1 deuterons and tritons, 

respectively-',.The reactivity of two D and T components is 

::. 
. .. ,... 

'There are four possible  combination,^ of' (if j) : 
. . 

<(JV>ll I denotes thermonuclear reactions, 
. . . . 

<av> 22' denotes reactions among superthermal ions, 

<oV>l I denotes D+T (beam-target) reactions, 

<av> 
12 ' denotes T+D . (beam-target) reactions. 

' .. 

<av> 11' can be,reduced to a single integral by standard tech- . . 
. . 

niques, while <av> .. 22 1 requires the evaluation of a triple 
... . . .,. 

,... 



i n t e g r a l ,  which is  performed numerically using 32-point Gaussian- 

quadrature techniques.  The beam-target r e a ' c t i . v i t i e s  r e q u i r e  t h e  

numerical eva lua t ion  of double in tegra ls . .  '.. 

Figures  3  and 4 show fus ion  r e a c t i v i t i e s  c a l c u l a t e d  us ing  

f l  (v)  and f 2  (v)  of Sec t ion  3.1, with nl = n = 0.45 ne t  s o  t h a t  1 ' 
n /n = 0.1 n  . (The r e a c t i v i t i e s  depend on t h i s  r a t i o  through hot  e  e 

v . )  The fus ion  c r o s s  s e c t i o n s  a r e  taken from Duane [23] .  ' A S  
C 

expected, t h e  D+TD and T+DT r e a c t i v i t i e s  (Fig.  3) a r e  n e a r l y  t h e  

same, f o r  WoT z 1.5 WoD. For Woo 2 1 5 0  keV, t h e  r e a c t i v i t i e s  a r e  

r e l a t i v e l y  independent of T . (The ch ie f  e f f e c t  of i n c r e a s i n g  Te e  

i s  an increase  i n  t h e  cu to f f  velociqy,  v  m' Note t h a t  lowering 

t h e  cu to f f  energy t o  1.5 'T, would a c t u a l l y  reduce < o v > ~ ,  and 

<ov> 1 2 '  because t h e  a d d i t i o n a l  lower-energy i o n s  have very smal l  

fus ion  p r o b a b i l i t i e s . )  The beam-target r e a c t i v i t i e s  a r e  t y p i c a l l y  

more than an o rde r  of magnitude l a r g e r  than t h e ' r e a c t i v i t y  of  , the  

thermal plasma. 

The hot-ion r e a c t i v i t i e s  (Fig.  4 )  tend t o  be s l i g h t l y  smal l e r  

than t h e  beam-target va lues ,  when WoD 150 keV, but  a r e  s l i g h t l y  

l a r g e r  f o r  WoD 2 100 kev. A t  small  Te, <ov>~ '  i s  r a t h e r  c l o s e  

... - t o  t h a t  of a  Maxwellian with 3/2 Ti - W, where i s  t h e  average 

hot-ion energy ( t y p i c a l l y  ~ ' 0 . 5  W ) .The l a r g e s t  r e a c t i v i t y  a t  low 
0 

T occurs f o r  Woo i 150 keV, f o r  which z 80 keV. For parameters  
e  

nf greatest i n t c r c s t  i n  r e d c t u r  design, t h e  va lues  of  <av> 
22' 

f a l l  i n  a  very narrow range, v i z .  0.8 t o  0.95 x 10 -I6 c m 3 / s .  

These r e a c t i v i t i e s  a r e  employed i n  t h e  fol lowing s e c t i o n s  

t o  ca ' lculate  neutron source c h a r a c t e r i s t i c s .  



4?. 2 RELATIVE NEUTRON SOURCE STRENGTHS 
. . . . 

: This section compares the neutron production rates per unit 

Golume from the three types of reactions.' The reaction-rate den- 

s,ities are I 

R1l ' = n n <av> 1 1' 11' I 
(thermonuclear neutrons) 

R22 I = n2n21<6v>221 (superthermal neutrons) .. - 

- 
q12 ' - nln2 , <qv>12 , (beam-target T+D neutrons) 

- 
Rlf2 - nl'n2<gv>1'3 (beamtarget D+T neutrons) 

. . 

We prescribe n = n 1 1' ' SO that the DO and TO particle injection 

rates must be equal. Since the background plasma is 50:50 D-TI 

and the. DO and TO injected beams have the same velocity, then.rsT 

= 3/2 (1 + E )  T~~ . where E (Te) 0.05 takes into account that vm 

+ for T+ is smaller than vm for D . Therefore. n = 3/2 (1 + &)G2 2 ' 
and charge neutrality demands that 

The relative reaction-rate densities are 

These ratios are essentially independent of the absolute .value of 
.. . 

plasma density,, which enters only through the weakly varying 
.. . . . 



,Coulomb logarithms in vc. Figure 5 shows the relative thermonu- 

clear reaction rate (Eq. 10) as a function of Wo and the' relative 

/n = (n + n2,)/ne. superthermal-ion population, nhot 
- 

2 At Te - Ti 
= 4 keV, thermonuclear reactions are negligible, un- 

less the beam injection rate is minute (that is, .nerE 2 1014 ~m-~s). 

At Te = Ti = 10 keV, thermonuclear reactions contribute a signi- 

ficant fraction of the total fusion output.   he relative contri- 

butions are nearly independent of injection 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 react'ions 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 Q,+T can be substantially greater than QTID (cf. 

Figure l), 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 

4.2, r = 3/2(1 + €)rSDf ST where s<<l, so that the 50% larger in- 

vestment in triton energy is almost exactly compensated by the 

11 longer slowing-down time of the energetic tritons. The total fu- 
I ' 

sion power'igain Qf, including all possible D-T reactions, is (If, 

= Pf/Ph, whera 



E (R -Pf, =I, f,:ll' + R22' + R12' + R1I2) 
7 

. . . . 
with Ef = 17.'6 MeV, and 

1. 
f 

. , 
2 p b  = *'C 1st fi(v)4nv dv. 

, , i=2,2 
"m i 

" .  

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

may use 

where I). :A-  the rS are calculated by the slowing-down model in [Ill. 

The two expressions for Pb can give different values, since our 

calculation of f2(v) is strictly valid only when vi can be ignored, 

while the calculation of r in [ll] takes finite vi into account. 
S 

With the assumptions in Section 3.1, we have . , 

where C2 and C3 are constants. (A.similar expression was used for. . z.. 
dv/dt in Eq. (4). ) Substituting Eq. (15) in Eq. (13) , Pb can be 

evaluated . . analytically. We find that Pb-values from Eqs. (13) and 

(14) . - agree to within 5% when Wo > 12 Te. (For this comparison 

:enly, &he tail in f2 (v) was omitted.:) In calculating Q,' we use 
... . .. . 



Eq. (13), since this expression is consistent with the calculation 

of reactivities in Pf. In this and the following sections, we re- 

strict the injection energy to Wo >,'lo0 keV, in order that our ex- 

pression for f (v) have good accuracy at Te : 10 Rev. 2 

The Q-values depend on n2/ne, but again are essentially in- 

dependent of the absolute value of net 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 

Here we have assumed that all fusion alphas thermalize with the 

bulk plasma (cf. Section 3.2). Evidently, nerE is essentiaily 

independent of ne. then proportional 

and nearly inversely proportional to n2/ne. 

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

tive superthermal-ion population. For prescribed values of 

n /n and Te = Ti, there is a broad maximum in Q for 150 < WoD hot e 

< - 300 kev. At low Te, the required n r decreases significantly 
e E 

with Wo, since W /r increases, but the opposite dependence on 
0 S 

+ Wo holds at large Pet where bulk-ion drag 1s dominant. 

Now consider the variation of Q with nho+./n . 
e 

/n < 0.1. The injected beam power becomes, relatively nhot e - 
small, and can be surpassed by the thermonuclear power output, 



r?esulting in Q.?>X [21;!3]. However, n r must be rather large in e E 
r h 
khis region ( 5  .., - 1013 ~ m - ~ s ) ,  in order that the plasma' tempera- 

tbre can be miinf ain'e'd by the small superthermal-ion population. 

k t  very large tdmpeGatures, thermonuclear reactions contribute 

sbbstantially to ,Q even when nhot/ne > 0.1 (cf. Fig. 5b) . 
((2) nhot/ne ? O.l. In any beam-driven system, increasing n /n 

. . 
2 1 

enables the bufk plasma to retain the same temperature a t a  smaller 

n T But for an ideal D+T or T+D system, Q significantly de- e E' 

creases for n ' /n 1 0.1, because of the gradual decrease in tar- hot e 

get density. "For n /n " 0.1, the Q-values ot the S0:SU D-T hot e 

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

"hotine increases, the additional hot-ion reactiohs compensate for 

the decrease ,in target-plasma reactions; as shown in ~ i ~ s ' .  3 and 

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

- 3  ' cally constant', as n T decreases well below 1013 cm s. (The e E 

confinement time of the hot ions, however, is determined'by r,, 

which tends to increase with increasing nhnt/n , because of the 
f? 

decrease in bulk-ion drag.) Thus hot-ion reactions become the 

most important'"contributor tb fusion power at very small n r e E' 

while thermonuclear reactions are dominant at very large nerE. 

In the limit of nhot/ne+lf the 50:50 D-T system goes over-to the 

energetic-ion-dominated plasmas such as the CIT [8-lO],iwhere for 

counterstreamhg low-energy D and T beams, Q may rise above the 

ideal D+T value. 

In pure D+T systems, considerations of maximum Pf, satisfac- 

tory Q, and ease of beam penetration lead to the choice of Te = Ti 
" .  

z 6 keV as the,desirable operating point [3]. In the present 

50:50 D-T systems, where Q-values are somewhat lower, 



- Te - Ti z 8 keV seems a more reasonable choice. At nhot/ne 2 0.1, 

Q z 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 
-3 to 2 x 1 0 ~ ~  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 tritium processing system. The 

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

Figure 9 shows F b2 ' as a function of W Te, and nhot/ne. For a of 

given Te, Fb2. is roughly proportional to Wo: this behavior is ex- 

pected, since -Q is only weakly sensitive to W (cf. Section 5). 
0 .  

The near-invariance with n /n reflects the similarity of target- hot e 

plasma and hot-ion reactivities. 

The fraction of decelerated tritons that burn up during 

their lifetime T in the thermal plasma is 
P .  

For typical plasma densities and  current.^, the .plasma parameters 

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

-1 estimates [24] indicate that the thermal conduction rate, rE , 
is about 3 times the particle diffusion rate, T -1 

P 
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. 'i , ! ' :  

F i g u r e  10 shows Fbl, f o r  r = 3rE; t h e r e  i s  very l i t t l e  dependence . , . . P 
oL W . While Fbl;: can be very l a r g e  a t  high Ti,  where thermonu- 

0 . . . , 

clear r e a c t i o n s  are impor tant ,  f o r  T Z 10 keV and nhot/ne 0.1, i 

F i s  o n l y  1 / 4  t o  1x3 F b 2 , .  Keeping i n  mind t h a t  plasma recy- b l  ' 
c l i n g  i s  necessary  t o - h e l p  maintain t h e  plasma dens i ty  i n  t h e  

r f a c t i n g  reg ion  ( s e e , S e c t i o n  7 . 5 ) ,  a  given t r i t o n  i s  recycled N 

t j m e s ,  where 

I f  t h e r e  i s  no i n j e c t i o n  of gas i n t o  t h e  t o r u s ,  so  t h a t  t h e  re-  

c y c l i n g  r a t e  i s  c o n t r o l l e d  s o l e l y  by a  shielding-unload d i v e r t o r  

[ 1 5 ] , t h e  t o t a l  f r a c t i o n a l  burn-up of  t r i t o n s  once-through t h e  .. . 

machine i s  . . ,. . 
, . 

I f  T - 3~~ - 2-3r , t hen  N i s  t y p i c a l l y  2 o r '  3, and PbT., - 2Fb2, 
P S* 

Then f o r  4 7 Te 7 1 0  keV, FbT i s  i n  t h e  range 1 t o  4 % ,  t h e  maxi- 

mum v a l u e s  being obta ined  a t  t h e  l a r g e s t  W . There is  very l i t t l e  
0 

s e n s i t i v i t y  t o  n  hotine 

A t  t h i s  p o i n t ,  it i s  appropr ia t e  t o  consider  t h e  r e l a t i v e  

advantages o f ' i n j e c t i o n  a t  very l a r g e  W : (1) The f r a c t i o n a l  0 

tritium burn-up i n c r e a s e s  s i g n i f i c a n t l y w i t h  W . ( 2 )  Less beam 0 ... 

c u r r e n t  i s  req,uired f o r  a  given i n j e c t i o n  power, thereby a l l e v i a -  . . 

t i n g  t h e  problem of t ransmiss ion  through t h e  beam d u c t s [ 2 5 ] .  (3)  

Beam p e n e t r a t i o n  i n t o  t h e  c e n t r a l  plasma region  i s  f a c i l i t a t e d ,  



especially when Z >>I. Offsetting these advantages are (1) the eff 

necessity to employ negative-ion beams, for. Wo > 200 keV, in order 

to retain efficiency; (2) a somewhat smaller Q;' (3) the possibili- 

ty of exciting Alfven instabilities [17]. In any event, the most 

important factor in determining W is the size of the plasma re- 
0 

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 reactor 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 neutral beams penetrate 

to the core of the plasma. 

The plasma pressure is given by 

3 where B is the axial field in kG, p is in ke~/cm , and t 

S = plasma circumference/2ma . 
P 

The maximum electron density is then 



. . . . . . . . . . . . . . . . . . . p . . . . . . . . . . . . . . . . . . . . .  
- max - .  ( ne 1 M~ .... .-.- . 

. . nl (23) 
- + 2/3 V2n2/ne + 2/3 E2 ,n2 ,/ne 

, '  Te + 2Te n e 

+ where w2 and d2, are the mean energies of the superthermal D and . . 

T+ (in keV). .:In Eq. (21). we take (Bp)max = 2/3 A (cf. Section 

3.2). The minimum practical value of A is limited by the minimum . ... 

thicknesses of the ohmic-heating transformer core, the toroidal- . . 

field coils, and the inner shield. In this section, we .use A 
. . 

. . 

= 4.0; then the, geometric layout of essential reactor cdmponents 

determines a minimum a of 75 cm. For plasma radii up t!o 2 m, the 
P 

aspect ratio can not be reduced significantly below 3.5-4.0, since a " .  

larger transformer core is required to establish the larger dis- 

charge currents. While present tokamaks exhibit maximum rE at 

q > 3 [12], the plasmas of interest.here need have only relatively . . .  

modest n -r for their size. Furthermore, since T (r) can be regu- 
e E  : e 

lated by the very intense beam injection, the current profile ... 
should be sufficiently flat so that q = 2.5 is grossly MHD stable. 

We adopt this .value of q in our calculations. 

The maximum ... . field at the toroidal field coils falls in the 
. .. 

range .70 kG (NbTi) 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 varying R . in the range 3 to 6 m, the corresponding 
0 

fields on the magnetic axis lie in the range 25 to 70 kG. 

Next consider the problem of beam penetration. Defining 

At as the neutral-beam trapping length for l/e attenuation, 
.". 

then adequate penetration is attained for .tangential injection 
.. . 

when X /a > 0 . , 5 ,  while for perpendicular injection, 
t P -  , ... 



At/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 X /a >, 0.5, in order to 
t P 

allow for the possibility of Zeff > 1. (At large Zeff, tangential 

injection is not required to insure a nearly isotropic f2(v).Employing 

oblique injection alone aids penetration, and enhanced pitch-angle 

scattering serves to isotropize the fast-ion velocities.) The 

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

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

Then a second limitation on the electron density is 

where ?,<av> is the sum of the rate coefficients for ionization 
I 

by charge exchange, ion-impact ionization, and ele~tron~~ioniza- 

tion [ 2 8 ] .  (In calculating At, we treat all plasma ions as sta- - 
tionary. Actually, when n2/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 thr r ~ ~ ~ n t  the.(; X .ha I.) 
eff 

In calculating neutron production rates, we use the minimum 

of and For a given plasma size, ("e) M2 is the 

limiting density for small Wo, while (ne)M1 is the limit for large 

Wo . Our range of injection energies extends to 400 keV for DO 

(600 keV for TO). With positive-ion beam technology and the use 



, . . . . 
of direct conversion,pf unneutralized ions, injection efficiency 

can be as large as 40% for Wo :: 250 keV 1291, and efficiency in- 

creases at smaller W ; Efficient beam injection at Wo , 250 keV 
: F 01 

requires the difficult technology of negative-ion sources. 

f :i . 
7.2 MAXIMUM NEUTRON PRODUCTION RATE 

! . , 
The total./reaction rate per unit volume is 

Given n 2 /n ..et Tet and Wo, the maximum value of R is found by 
t 

substituting Ep. (23) or (24) for ne. In order to express areas 

and circumferences in terms of St we take the elliptical cross 

section as illustrative. Then S = (1 + b2/ap2) 1/2/&!f where b is 

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

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

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

tion energy, at Bt = 50 kG and S =;1.0. For each a there is an. - P 
optimum Wo for; maximum P n t  which occurs when (ne)M1 = ("el ~ 2 .  

is in the range 2 x 1 0 ~ ~  to 2x10 
(Pn)max . 

20 s-It and increases 

2.4 roughly as ap : . For a given a there is little variation in 
P ' 



(Pn)max with 
but the optimal Wo is reduced by increasing 

"ho tine This shift reflects the .facts that the pressure-limiting 

density (Eq. 23) is attained at smaller Wo, when n hot /n e is larger, 

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

(Fig. 6) . 
Figure 12 shows the relation between Q and P out the total 

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

W and.nhot/ne, is a unique relation between neTE and Qf 
0 

such as indicated in Fig. 7. 1n' order to obtain the. desired 

trade-off between Q and P out it is necessary to adjust neTE [3], 
: I 

which controls Te and therefore Q. The power output increases 

monotonically with a as also found by Sheffield [27] for the 
PI 

ideal D+T case. At a given a pf has a maximum in n T and e E' 

therefore in Te. The dots denote Te = 8 keV, our ''standard' 

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 

2 neutron wall loading (in W/cm ) is 

where the wall circumference is 



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

take as 20 cm, 

3 Figure k3. shows (the variation of Qj with plasma radius and 
W 

injection energy, for S = 1.0 and Bt = 50 kG. Maximum $I varies 
.W 

roughly as a lj2, as expected for circular plasmas in which the 
P . , 2.4 maximum fusion output varies as a (Section 7.2) , and, A is 

P . . 
. . 

constant. /n increases, the wall loading increases some- As . . %ot .. e 
. . ,  . . 

what, but the principal effect is a shift in the optimal Wo to 
.. . 

lower values,"as for Pn. Except at small Wo, it turns out that 

4 decreases with increasing T but the trade-off in Q and $Iw w e' 

(analogous to4'Fig. 12) indicates that temperatures around 8 keV 

are the most attractive. 

\ Figures 12. and 13 indicate how reactor.parameters can be chosen 

most appropriately for a given application. (1) For devices such 

as engineering test reactors [ 4 ] ,  where maximum $Iw and minimum in- 
, 

jection power are desirable , (i .e. , to maximize $Iw/Pb) , one should . . 

operate with a 7 1.0 m, and employ Wo in the range 125-200 keV. 
P 

(2) When both:maximum $I and maximum power output are required, 
W 

as in certain-hybrid reactors, one should operate at ap;.? 1.5 m. 

The optimal W can be kept near 200 keV, by going to nhbt/ne 
0 . . 

1 0.2 (Fig. 13). .., 
. . .  

7 . 4  EFFECT OF.MAGNETIC 'FIELD AND PLASMA ELONGATION ... . . . 

With circular plasmas of radius 2 2 m, and Bt 2 50 :kG, the 

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

2 1 MW/m . We now investigate whether appreciably higher $I can be 
W 



attained by increasing Bt and Sf keeping A = 4.0. Our "standard" 

injection energy for DO is 200 keV (300 k e ~  for TO) , since previous 

sections have indicated that this value is".the most widely useful. 

Generally, the dependences of Pout or Ow 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 
operating with very large B can be traded off against the physical t 

difficulties of maintaining stable plasmas at large S and low q. 

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

For each a there is a minimum B above which n is fixed by the 
P' t f  .. e 

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

4 are now attained at the smallest a where n is pressure- *,: 
w P' e 
limited through most of the practical range of Bt. For small a 

P' 
a . 

+w f . Nevertheless, the maximum @ for circular plasmas is 
W 

2 still limited to about 1 MW/m , although somewhat larger values 

can be obtained by reducing T below 8 keV, or by employing larger e 

injection energies when a > 1.5 m. 
P 

Figure 15 shows the eff.ect o f  increasing the vertical elonga- 

tion of the plasma, when Bt = 50 kG. For each a there is a 
P'  

minimum S above which n is nearly fixed by the beam-penetration 
e 

requirement. The wall loadings increase significantly with 
. . 

n /n when the hot-ion pressure is small, the plasma density is hot e' 

already near the penetration-limlted value (Eq. 24) when S = 1. 

A wall ldading as large as 2.5 !4PJ/m2 can be attained at a = 75 cm, 
P 

when n /n = 0.3, and S = 1.75 (b/% = 2.26). For small a and hot e P 
sma1.1 S f  4 

+w 
increases nearly as S . 

Another approach to calculating the variation of maximum wall 

loading with-rclagnetic field and plasma elongation is the following. 



The geometrical dimensions of the components on the small-major- 

fadius side o'f the torus are fixed as follows: transformer core 

Sadius = 1.2 m, TF (toroidal field) coil thickness = 0.65 m, shield 

dhickness = 1.0 m, A = 0.25 m. Then the inner edge of the plasma . . 

6s located at R = 3.1 m. The maximum TF field, BM, occurs at 

R = 1.85 m. For given values of BM and b/ap, Ow is maximum when 

n is limited' both by adequate neutral-beam penetration and by e 

the plasma pressure limitation; that is, (n ) = (n ) ' , or 
Ml W - M2 * 

where C4 is a:.:constant for given values of W T and n of e ho t/"e. 

Equation (29) ::can be solved for a and the corresponding Ow cal- 
P' 

culated from Eq. (27). In the present approach to calculating Ow, 

the plasma aspect ratio may depend strongly on both BM and b/a . 
P 

For a Cc3.1 m ( A )  , it is easily shown that $w is approximately 
P 

proportional to BM and to b/a . In the same approximation, the 
P 

required injection power is nearly to b/a ,'I and nearly 
P 

independent of.BM. 

~heoretic:il considerations indicate that the largest vertical 

elongation for which stable operation is possible at low q is 

b/ap - 2 to 3 [12,31]; for an elliptic cross section, b/a = 3 
P 

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

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

Figure 16 show's the variation of maximum Ow with both b/a and BM, 
P 

for Wo = 200 kev and Te = Ti = 8 keV. At small b/a and small B 
P M' 



both a and I .  must be extremely large to satisfy Eq. (29); in 
P P 

Fig. 16, we include only regions where I < 10 MA. As expected, 
P 

@ w increases fairly linearly with both b/a and BM. (This be- 
P 

4 4 havior is to be contrasted with the B S behavior when ne 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 largest wall loadings. 

Increasing the relative proportion of energetic ions results 

in a significant increase in @ . For. example, 
@w increases by W 

approximately 60% when n /n is raised from 0.1 to 0.3. How- hot e 

ever, the total injected power must increase by an even larger 

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. 16(a) are most ap- 

propriate for maximizing 4 /P while the conditions of Fig. 16(b) w bf 

are most appropriate for maximizing both @ and Pout. 
W 

The procedure just described for maximizing @ evidently cor- 
W 

responds to operating at the "knees" of the curves in Figs. 14 

and 15. An increase in b/a or in B results in an increase in 
P M 

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

reduced to allow satisfactory penetration of the injected beams. 

Thus w i L h  irrureasirig b/'a or HM, we advance from the knee of one ' 
P. 

a contour to the knee of a smaller-a contour. ,(This description 
P P 
is only approximatef since the curves in Figs. 14 and 15 are calcu- 

lated for constant aspect ratio.) In practice, high-power. opera- 

tion at very small a would be extraordinarily difficult, because 
P 

of the problem of neutral-beam access [25] : When using the 



p r e s e n t  method t o  opt imize  t h e  plasma s i z e  f o r  t h e  l a r g e s t  neutron 

w a l l  l o a d i n g , t h e  plasma volume always decreases ,  while P b  must 

i n c r e a s e  almost l i n e a r l y  wi th  b/a a s  showri i n  ~ i g .  16 ,  although 
Y P' 

it can drop s l i g h t l y  wi th  i n c r e a s i n g  BM. 

For t y p i c a l  o p e r a t i n g  condi t ions  such a s  W = 200.keVf Te 
OD 

= 8 keV, n  / n =  0.20, w e  have r  /r = 2.0. I f  r 3r [ 1 2 , 2 4 ] ,  
h o t  e s E B E .  

t h e  p a r t i c l e  o u t f l o w  from t h e  plasma i s  2n / r  2 2.7nhot/rs. . .. 1 P 
Taking Pb = 300 EIW, t h e  . i n j e c t i o n  r a t e  i s  7 . 5 ~ 1 0 ~ ~  p a r t i c l e s / s ,  

w h i l e  t h e  outward flow r a t e  i s  2 x 1 0 ~ ~  p a r t i c l e s / s .  This p a r t i c l e  

o u t f l u x  cannot  be handled by cryopumping i n  duc t s  surrounding t h e  

t o r u s ,  i f  t h e , g a s  p r e s s u r e  i n  t h e  beam duc t s  is  t o  remain s u f f i -  

c i e n t l y  low t h a t  n e u t r a l  beam t ransmiss ion  i s  n o t  impeded ( i . e . ,  
- 

p  < 3 x 1 0 - ~  t o r r )  . Furthermore, under t h e  above condi t iops ,  t h e  

i n j e c t e d  beams supply approximately 35% of t h e  p a r t i c l e  outf low 

r a t e ,  s o  t h a t  , i f  t h e  plasma densit.y is  t o  be cons tan t ,  65% of t h e  

e x i t i n g  i o n s  must be recycled .  On t h e  average,  an outgoing ion  

must be recycled  1.7 t imes  ( c f .  Eq. 1 9 ) .  

The pump=ng requirement can be met i f  outflowing ions  flow 
. . . 

r a p i d l y  i n t o  a 1 < b u r i a l  chamber. The func t ions  of a  magnetic d i -  

v e r t o r  i n  t h e  p r e s e n t  con tex t  inc lude:  (1) r e g u l a t i o n  o f . t h e  

pumping - and recyc l ing  of  outf lowing plasma i o n s ,  s o  t h a t  ne i s  

maintained con:stant throughout t h e  power pulse ,  while  t h e  gas  

p r e s s u r e  o u t s i d e  t h e  d ischarge  region  i s  kept  small ;  ( 2 )  .removal 

o f  energy from . .. t h e  t o r u s ,  thus  a l l e v i a t i n g  bombardment of t h e  
. ., 

w a l l ;  (3 )  shieilding of  t h e  plasma from impur i t i e s  s p u t t e r e d  from 

t h e  wa l l .  



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 1321. 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 5x10-~ torr. 

There is no recycling of neutrals in the torus itself. Since 

the cold shield plasma of the scrape-off 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 [IS]. 



I . . 5 "'t 

8. CONCLUSIONS 
! .  . . .; 1 1  

1 The problems oftplasma fueling and exhaust for high-duty- 

gactor, constant-output performance of intensely beam-driven toka- 

mak reactors may,compel a 50:50 D-T mode of operation, with the 

bulk-plasma temperaFure (T z Ti) maintained by injection of both e 
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 recyclinq of pbasma iqps. 

When both D and T are neutral-beam injected with c*omparable 

intensities, fusion reactions between energetic ions can contribute 

significantly to the total fusion power output, 
Pout. ' 

Neutron 

source characteristics are determined most conveniently-by means 

of fusion reactivities calculated separately for energetic-ion 

-reactions, target-plasma reactions, and thermonuclear reactions. - 
.., 

Eor n /n <,..0.3, and Wo 2 12 T,, these reactivities can be calcu- - hot e 

lated sufficiently accurately using energetic-ion distribution 

functions determined from the Fokker-Planck equation without energy 

diffusion (but including an energetic tail above the injection 

velocity). Multi-angle injection is specified, so that the hot 

ions have isotropic velocity distributions. For conditions where 
t 

Q - 1, beam-target reactions are dominant, although energetic-ion 
reactions make a substantial contribution to P out when nhot/ne 

> 0.2. With increasing nhot/ne, 6 given Q-value 7 1 can;be main- 
..d 

4 13 -3 
tained with n~,~-values substantially below 10 cm s. : 

- .  
When tritium is injected via energetic neutral beams (rather 

than by pellets or gas), the fractional burn-up of tritium per 



pass is maximized. For T = 6 to 10 keV, and Wo = 200 keV, the 
e 

burnup rate once-through the reactor is 2 to. 3%. 
. . 

The variation of P and neutron wall loadings with several out 

plasma 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 "hot/"ef 'out has a maximum in T (which is determined by n ~ ~ ) ,  e 

and therefore in Q. An operating temperature suitable for many 

applications is T = 8'keV, which results in Q-values slightly e 

less than uiity, but with Pout near the maximum possible value. 

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

loading, Ow! 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 

n /n > 0.1. Maximum $ is.obtained when the plasma density is hot e w 
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 4 increases approximately pro- w 
portional to both.magnetic field and vertical elongation, b/a. 

2 With Wo = 200 keV and Te = 8 keV, Ow : 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 n /n may have 'several advantages: The largest Ow are obtain- hot e 

able for given-sized devices (but at the price of larger injection 

power); n -r is smallest; and for a given power output or @ the e E wf 

neutral-beam ~ l t a g e  can be minimized. 
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SYMBOLS 

Fb 

Ib 
I 

P 
M1 tM2 
n e 

("e1M1 

(ne)M2 
nl'nl I 

"2 tn2 I 
n hot 
N 

plasma minor radius 

aspect ratio,, Ro/ap 

half-height of elliptic plasma 

toroidal field on magnetic axis 

maximum toroidal field (at coil) ,. 
poloidal field 

constants 

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

velocity distribution of thermal ions, energetic 
ions 

fractional burn-up of:"tritium per pass 

injection rate 

plasma current 

mass of thermal ion, energetic ion 

electron density 

maximum density permitted by pressure limitation 

maximum density permitted by neutral-beam penetration 

density of thermal deuterons, tritons 

density of energetic deuterons, tritons 

n2 + "2' 
number of times a triton is recycled 

plasma pressure 

injection powcr dcn~ity 

fusion power density 

total neutron production rate 

total fusion power output 

safety factor at the limiter 

fusion power multiplication factor 

major radius (magnetic axis) 

reaction-rate density for reactions among' (i,j) 
components 

Rt total reaction-rate densiky 

S plasma circumference/21~a 
P 

Te electron temperature 
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ion temperat~~te 

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 the poloidal magnetic field 

ratio of energetic-ion energy density to bulk- 
plasma e n e r y y  density 

mean-free-path for trapping of injected neutral 

fusion reacti-vi ty for r~actiono among (if j ) 
components 

energy confinement time 

particle confinement time 

slowing-down time of energetic ions 

neutron wall loading 



INJECTION ENERGY ( k e V )  

7 5 3 9.8 7 
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 Maxwe'llian with T - i - Te. Coulomb logarithms are calculated at n = ld4 ~ m - ~ .  e 
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756048 
Fig. 2. Steady-state velocity distributions f r energetic 8 deuterons of density n injected at 150 keV (3.8~10 cm/s) into a 

deuterium background pZasma with Maxwellian ions of density n 
and temperature T. - - Te . v is the deuteron velocity at W = 3 ~ ~ .  
The dashed - line ift (a) is tffe result of a numerical Fokker- 
Planck calculation. 



' 753989 
Fig. 3. Fusion reactivities for target-plasma reactions of 

(a) deuterons and (b) tritons injected at energy W into a 50:50 
D-T plasma at temperature T - - Ti. Isotropic, stesdy-state dis- 
tribution of energetic ions? <ov> is the reactivity of . 

thermal the target ions at temperature T 
i ' 



753986 
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 = Ti. Triton injection energy = 3/2 
deuteron injection enerey. 

. . 



. 753991 
Fig. 5. Ratio of the thermonuclear reaction rate (R to 

the target-plasma reaction rate for a 50:50 D-T plasma wits' 
temperature T = T. maintained by injection of deuteron and tri- 
ton" beams of ghe shme intensity and velocity. nhot is the total 
density of energetic ions. 



753990 
Fig. 6. Ratio of the fusion reaction rate of isotropic 

energetic deuterons and tritons (RZ2,) to the target-plasma re- 
action rate for a 50:50 D-T plasma with temperature T = LT. main- 
tained by injection of deuteron and triton beams of t&e sahe 
intensity and velocity. nhot is the total density of energetic 
ions. 
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756208 
Fig.  7. Fusion power m u l t i p l i c a t i o n  f o r  50:5Q D-T plasmas 

a t  temperature  T = T .  ma in t a ined 'by  i n j e c t i o n  o f  e n e r g e t i c  
deu te rons  a t  eneegy w1 and t r i t o n s  a t  energy 3/2W . The dashed 
curves  a r e  cc..ltours of  n  T n i s  t h e  t o t a l  d ? n s i t y  of  ener -  
g e t i c  i o n s .  e E '  h o t  



" hot 1% 
756206 

Fig. 8. Fusion p ~ w e r  multiplication for 50:50 D-T plasmas 
at temperature T = T. maintained by inject.ion of 400-keV deuter- 
ons and 600-keV FritoAs. The dashed curves are contours of n T 
n is,the total density of energetic ions. e E' hot 



(a) WOT = 150 keV 

Fb2bl 1 " - 
Z 

hot Ine 

753988 
Fig. 9.' Fractional burn-up of tritons.during deceleration 

in a 50 :50  ~ - ~ * ~ l a s m a ,  a f t e r  injnnt.inn at energy WOT. Both 
target.-plasma and energetic-ion reactions are taken into account. 
n is the total density of energetic ions. 
hot 



hot 'ne 

,756047 
Fig. 10. ,' ~ractional burn-up 'of thermalized tritons during 

their 1ifetime::'in the thermal D-T:~plasma of temperature T = Ti. 
. e 
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756205 
Fig. 11. Variation'of neutron production rate with plasma 

radius and .njection energy for 50:50 D-T plasmas of circular 
cross sect inn ma.i.nt.ained at T = T, = 8.keV by injection of D and 
T beams of the same intensityeand belocity. Aspect ratio = 4.0. 
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Fig. 12. Fusion power multipLication versus fusion power 
output for plasmas of radius a maintained by injection of D and 
T beams of the .same intensity Snd velocity. There is a unique 
relation between n T e E' Te' and Q. The dots denote Te = Ti = 8 keV. 
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 = Ti = 8 keV by injection of D and 
T beams of the same intensityeand velocity.' Aspect ratio = 4.0. 
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Fig. 14. Variation of neutrdrx wall loading with toroidal 

field on the magnetic axis. Circular plasmas with aspect ratio 
.. . = 4 . 0 .  
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Fig. 15. Variation of neutron wall loading with plasma shape 

factor S = circumference/2ra . ~lliptical plasma with vertical 
elongation = b/a . ~ a ~ n e t i c ~ f i e l d  on axis = 50 kG. Aspect ratio 
= 4.0. P 
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Fig. 16. Maximum neutron wa1.L loading versus plasma vertical 

elongation (b/a ) and magnetic £+sad at the coil (B ) 'when the 
distance from.,tBe major axis to the inner edge of tNe pAasma is 
fixed gt 3.1 m. Ellipt&cal plasma. with W = 200 keV (D ) ,  300 
keV (T ) ,  T = Ti = 8 keV, q = 2..5., 

@P 
= 9 / 3  A. The dashed llnes 

are contourg of ln jected beam power. 




