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MAXIMUM NEUTRON WALL LOADINGS 

I N  BEAM-DRIVEN TOKAMAK REACTORS 

D . L . - JASSBY and H . H . TOWNER 

Plasma Physics Laboratory, Princeton university, 
Princeton, New Jersey 08540 

ABSTRACT 

1f.a beam-driven D-T tokamak reactor is operated at 
. . 

the maximum density allowed both by pressure limitation 

and by adequate neutral-beam penetration, the 14-MeV neutron 

wall, loading increases approximately linearly with magnetic 

field or vertical elongation of the plasma. With elong- . . 

ation = ~tmax* = 1 5 T ,  
'beam = 200 keV , Q - 1.0 , 

2 maximum wall loading is about 5 MW/m. . 

(Submitted for publication on 12 ilecut&rr 1975) 

. . 

J - e. , , . , , ,  

' 

NOTICE 

* t 

I' 

, 

4 

mi was prepred as an account of work 
,panlored by ,h. t.lnit& s to tu  Government. Neither 
the united state nor the u n l t d  S u t ~  F.nnw 
~~~h and ~ v o l o p m . n t  hdministrstion. no1 any or 

rmpbysu, nor or ~ h c ~ r  contnctnra. 
subcon[ta~lon ur theb C ~ P ~ O Y ~ .  m a k e  any 
wmnly implied, or auumsn any 
linbility or rcspondb i t~  for the accuracy. complete== 
or uofv~nrrr of any inlorrmtuon npPuPtu.  product or 
pmau diwlood, or ;hat its w wodd not 
infringe pnmtrly owned IWt*. 



INTRODUCTION 

C e r t a i n  p o t e n t i a l  a p p l i c a t i o n s  f o r  . the  14-MeV neut rons  

from a D-T fus ion  plasma r e q u i r e  extremely h igh  unco l l ided  

neu t ron  f l u x ,  d e s p i t e  t h e  a c c e l e r a t e d  damage r a t e  t o  t h e  

r e a c t o r  f i r s t  wa l l .  I n  f a c t ,  one o f  t h e  main objec t ives  of a  

f u s i o n  eng inee r ing  tes t  r e a c t 0 r . i ~  t h e  i n v e s t i g a t i o n  nf nei,tgvn 

r a d i a t i o n  damage t o  w a l l  m a t e r i a l s .  (1) I n  r e c e n t l y  proposed 

schemes f o r  t h e  burning of long- l ived  a c t i n i d e  was te s ,  (2) 

t h e  l a r g e s t  p o s s i b l e  w a l l  loading  i s  r e q u i r e d  t o  accomplish 
. . 

s u f f i c i e n t l y  r a p i d  a c t i n i d e  dep le t ion .  For t h i s  a p p l i c a t i o n ,  

it would be  q u i t e  accep tab le  t o  r e p l a c e  t h e  vacuum w a l l  a f t e r  

300 days,  f o r  example. F i n a l l y ,  t h e  breeding of 2 3 3 ~  o r  23gpU 

i n  a  f e r t i l e  b l anke t  surrounding t h e  fus ion  plasma(2'may t u r n  

o u t  t o  be most economic when t h e  f i s s i l e  product ion r a t e  

( p r o p o r t i o n a l  t o  t h e  14-MeV f l u x )  i s  a s  l a r g e  a s  p o s s i b l e  i n  

a  g iven-s ize  device - provided t h a t  t h e  down-time f o r  r ep lac ing  

t h e  w a l l  can be made s u f f i c i e n t l y  s h o r t .  

For a  magnet ica l ly  conf ined  f u s i o n  plasma wi th  a  l i m i t e d  

t o i a l  p r e s s u r e ,  t h e  l a r g e s t  f u s i o n  power d e n s i t y ,  Pf , and 

t h e r e f o r e  t h e  l a r g e s t  neut ron  w a l l  l oad ing ,  qw , can be ob ta ined  

i n .  target-plasma ope ra t ion .  (4) I n  t h i s  paper ,  w e  a r e  concerned 

w i t h  tokamak plasmas d r iven  by i n j e c t e d  n e u t r a l  beams. (A,$) For 

a  r e a c t o r - s i z e d  plasma ( Bta 3 T-m ) ,  t h e  neutral-beam energy,  

Wo , w i l l  be  determined i n  p r a c t i c e  by e f f i c i e n c y  of product ion .  

- The d e s i r e d  bulk-plasma temperature ,  Te - Ti , is  determined by 



t h e  accep tab le  f u s i o n  power m u l t i p l i c a t i o n ,  Q . (Q i n c r e a s e s  

(') ) Given  T a n d  Wo , t h e  a t t a i n a b l e  v a l u e s  of  w i th  Te.- 
, e  

a r e  determined . in  p a r t  by t h e  magnet ic  f i e l d  a l lowed by tech-  
W 

n o l o g i c a l  l i m i t a t i o n s ,  and t h e  plasma height- to-width  r a t i o ,  K ,  

f o r  which a  s t a b l e  e q u i l i b r i u m  i s  p o s s i b l e .  The purpose o f  t h i s  

papcr i s  t o  show how maximum 9 varies w i t h  magnet ic  f i e l d  and K ,  
M 

when t h e  c o n s t r a i n t s  on neutral-beam p e n e t r a t i o n  and t h e  t o t a l  

plasma p r e s s u r e  are taken i n t o  account .  

CALCULATIONAL MODEL 

Figure  1 shows a  schemat ic  l a y o u t  of  o u r  tokamak r e a c t o r .  

On t h e  i n n e r  p o r t i o n  of  t h e  t o r u s  nea r  t h e  midplane,  on ly  a 

s h i e l d  (wi th  c o o l a n t )  i s  provided,  i n  o r d e r  t o  e l i m i n a t e  t h e  

problem of a c c e s s i b i l i t y  t o  an i n n e r  b l a n k e t  r eg ion .  The l o s s  

of  neu t rons  t h a t  impinge on t h i s  r e g i o n  i s  compensated by t h e  

inc reased  Bt a t  t h e  plasma. Fixed parameters  are t h e  t h i c k -  

nes ses  of t h e  TF ( t o r o i d a l  f i e l d )  c o i l s  (0.6 m ) ,  t h e  i n n e r  

shield ( 1 . 0  m) , and t h e  pl-asma scrape-off  channe l  ( A  = 0.25 m) . 
For plasma c u r r e n t s  o f  i n t e r e s t  h e r e ,  v i z .  I < 5 MA , a co re  

P  
r a d i u s  of 1 . 2  m i s  adequate .  I f  BM is' t h e  f i e l d  a t  t h e  ' 

i n n e r  TF windings,  t h e  f i e l d  on t h e  magnetic a x i s  i s  

I 

I n  t h e .  fo l lowing  a n a l y s i s ,  w e  f i x  W , T , and 
o e .  

nh/ne , where ne and nh are t h e  d e n s i t i e s  of  ' e l e c t r o n s  

and e n e r g e t i c , i o n s ,  r e s p e c l i v c l y .  Then Q = c o n s t a n t  and 



pf = n2 P , where Po=<ov>E fus ion  i s  now cons tan t .  I n  t h i s  paper ,  
e  0 .  

we cons ide r  plasmas of  r ec tangu la r  c r o s s  s e c t i o n ,  wi th  h a l f -  

width a  and ha l f -he igh t  b  , s o  t h a t  K = b/a . The average 

neutron w a l l  loading ,  i s .  then  

ab n  2a, 
- a 

e  
$W - O o 8  a  + b + 2A 1 + ~ + 2 A / a  . (2 )  

The aeutral-beam pene t ra t ion  condi t ion  may be taken a s  
(6) 

> ht/a - 0.5 , where i s  t h e  mean-free-path f o r  beam t rapping .  (1) 

Since = L(Wol Te)/ne , t h e  maximum allowed d e n s i t y  i s  

given by 

This  d e n s i t y  must n o t  ex.ceed t h e  maximum value  allowed by 

MHD equi l ibr ium:  

where i s  the  average hot-ion dens i ty  , and t h e  maximum plasma' 

p ressu re  (kev/cm3) i s  

H e r e ,  S = 2 ( 1  + K ) / I T  , q i s  t h e  s a f e t y  f a c t o r  a t  t h e  l i m i t e r ,  

A = 1 + 3.05/a, and B is  t h e  po lo ida l  b e t a .  We t ake  q = 2.5 
P 

and Bp = 2/3 A , s o  t h a t  even when a l l  fus ion  a lphas  a r e  

confined,  
BP 

w i l l  be less than t h e  MHD-limiting value of 

B ~ = A -  
(8) (Confinement of fus ion  a lphas  i s  n o t  necessary 



i n  heav i ly  beam-driven r p a c t o r s  ) Note t h a t  v a r i a t i o n s  

i n  BM and K are r e f l e c t e d  i n  n e M  . 
From Eqs. ( 2 )  and (3)', w e  have Ow a n e . To i n c r e a s e  

$w by i n c r e a s i n g  n , one must dec rease  a t o  s a t i s f y  Eq. e 

( 3 3 .  The minimum allowed a occu r s  when n e = n e M  g iven 

by E q .  ( 4 )  . Thus maximum $w i s  a t t a i n e d  when 

where R1 = 3.05 m ,  and C i s  a c o n s t a n t .  Eq. (6 )  is a 

cub ic  equa t ion  i n  a , whose s o l u t i o n  then  g i v e s  ne -from 

~ q .  ( 3 )  and $w from Eq. ( 2 ) .  

QUALITATIVE RESULTS 

From ~ q u a t i o n s  (1) t o  ( 6 )  , we can immediately de- 

duce sume q u a l i t a t i v e  dependences on K and BM ,' when 

A >> 1 ( e l  Rl >> a ) .  

(1) Wall Loading. From Eq. ( 6 )  , w e  have - 

With n a = c o n s t a n t  and 
R1 

>>  a , Eq. ( 2 )  becomes e 

Thus QW i s  p r o p o r t i o n a l  t o  B , and a l s o  t o  K , i f  
M 

1 + K >> 2A/a . (This  l i n e a r  dependence, which i s  a con- 

sequence of Eq. ( 3 ) ,  d i f f e r s  s t r i k i n g l y  from t h a t  o f  an i g n i t e d  



thermonuclear reactor, where Ow a. B M (1 + K) 3 ,  since the plasma 

radius need not be reduced with increasing n. e' ) 

(2) Beam Power. Pbeam = Pf x (plasma volume)/Q 

2 
= n2 P 8n(R1 + a)a K/Q : e  o 

For Rl>>a and n a = constant, 'beam is proportional t~ K, and e 

independent oi magnetlc tield. 

(3) Plasma Current. For constant q, we have 

2 Cla BM(l + K) 2 
I = r? (R1 + a) 2 

where C1 is a constant. Using Eq. (7) with Rl>>a, we have 

I a l/BM. TO this approximation I is independent of K. 
P P 

QUANTITATIVE RESULTS 

Equation (6) can be solved exactly for a, as  a fiinntio.rr! of 

K and B 
.Me 

The qualitative dependences on K and BM given above do 

not require knowledge of Wo, Te, and nh/ne. These quantities 

must now be specified, in order to determine L and C in Eq. (6). 

Once a is determined, Pbeam, I and relative Ow can be obtained 
P' 

from Eqs. (9) , (10) , and '(2) , respectively. The -- absolute vaiue 

of Ow (and Q) depends on the relative proportion of D and T in 

the bulk plasma and in the energetic ion distribution. (In 

practice, the plasma composition is determined by the methods em- 

ployed for fueling and for particle exhaust. '(4) ) 



The maximum K at which plasma stability at low q is 

still possible is K X ,  for rectangular cross sections. (9). 

Lb' 
With NbTi TF windings, BM up to 9.5 T is feasible, while 

NbgSn windings would permit BM. 
up to 16 TI ~rovided that 

the magnet strain is tolerable. In this section, we useT . e = 6 keV, 

Wo = 200 keV, nh/n, = 0.15, since these values are typical 

of most beam-driven tokamak designs intended for operation 

at Q -  1. (1'2'4) I?igure 2 (a) shows the dependence of plasma 

radius on K and BM, calculated from Eq. (6) when Zeff = 1. 

Figure 2(b) shows relative values of @w . Provided that 

a<<R (A>>l), 1 @w increases nearly linearly with K 'and 

B~ 
as expected. Absolute values o f  @w are given for the 

(I practical case of DO injection into a background plasma 

maintained at 78% tritium, 22% deuterium, so that Q = 1.0 . 
'1 

(The tritium is fueled by pellet injection.) Evidently, wall 

loadings as large as 5 M'w/m2 are attainable, provided that 

both large BM and K are utilized. 

Figure 3 shows P 
beam and I for the same 

P WO' Te, 

nh/ne . As expected, Pbem is nearly proportional to K , 

but only weakly sensitive to 
B~ ' for BM 2 9T. In this 

range, I is rather insensitive to K , but nearly inversely 
P 

proportional to BM . Thus the qualitative dependences derived 

previously are valuable guides to reactor design, provided 

that R1 > > - a  . When this approximation is valid, the relative 

@w 
curves of Fig. 2(b) are reasonably "universal," that is, 

independent of Wo, Te, nh/ne . Furthermore, we obtain similar 
results for other plasma shapes, such as elliptical. 



~f the plasma.contains an impurity-ion population, then 

L(W ,T ) is nearly inversely proportional to Z o e eff' 
the effective 

(lo) For the same K and BM, the plasma radius must ionic charge. - 
be reduced, unless W can be increased. The variation of reactor 

0 

characteristics with K and BM will be similar to those shown in 

the figures, but with different numerical values. If beam injec- 

tion at oblique angles with'respect to the plasma current can be 

employed, then the present numerical results would actually apply 

for 'eff 2 2. 

For some applications, such as a materials test reactor that 

requires large wall loading with minimum power consumption, the 

most important criterion may be maximization of @ /P w beam' From 

Eqs. (8) and (9), we see that this quantity is proportional to BM 

and nearly independent of K. Therefore, the mo'st appropriate 

operating point is K = 1 and BM = 16 T, requiring 300 MW of in- 

3 jected power and delivering 1.65 m/m , for the plasma parameters 

used above. 
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i 
VERTICAL ELONGATION ( K )  

756243 
Fig. 2. (a) Plasma radius when the density is limited both 

by the neutral-beam penetration requirement an# by the allowed 
plasma pressure ( B  = 2/3 A) . W = 200 keV (D ) , Te = 6 keV, 
nh/n = 0.15, q = P2.5. BM = magnetic field at the TF coils. 

(by Neutron wall loading (uncollided 14 -MeV) with plasma con- 
ditions as in (a). The right-hand scale is for Q = 1.0. (Target 
plasma 78%T,. 22%D.) 
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V E R T I C A L  E L O N G A T I O N  ( K )  

Fig. 3. i (a) ~njected beam power and (b) . plasma current for 
conditions of Fig. 2. 




