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FOREWORD 

The D iv is ion  o f  Magnetic Fusion Energy w i t h i n  the U.S. Energy Research and . '  

Development.Administration has i n i t i a t e d  w i t h i n  the fus ion development program f o r  . 

tokamak power reactors a ser ies of systems s,tudies aimed a t  the d e f i n i t i o n  o f  sub- 

sequent generations of. tokamak devices leading t o  a comnercial prototype reactor .  

Since A p r i l ,  1976, a design team composed o f  representat ives from the ORNL Fusion'  

Energy D iv i s ion  and the Westinghouse Fusion Power Systems ~ e ~ a r t m e n t  has been .. 

engaged i n  scoping studies associated w i t h  the d e f i n i t i o n  o f  The Next Step (TNS) i n  

the tokamak program a f t e r  the TFTR. Provis ional  goals establ ished f o r  TNS include: 

r achievement o f  i g n i t i o n  

0 demonstration o f  burning dynamics 

r evaluat ion o f  design requirements and so lu t ions f o r  
.' long pulse operation 

r features which extrapolate t o  a v iab le  power reactor  

0 a v a i l a b i l i t y  i n  the mid-to- late 1980's 

It i s  i n  t h i s  context  that '  the work reported herein was performed. 
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ABSTRACT 

A f e a s i b l e  compact po lo ida l  d i v e r t o r  system has been designed as an impur i ty  con- 

t r o l  and vacuum vessel f i r s t - w a l l '  p ro tec t ion  opt ion f o r  the TNS tokamak. A  d iver top 

i s  no t  present ly  used i n  any o f  the reference design approaches under study by the 

ORNL/Westinghouse team; however, t h i s  evaluat ion has developed a  feasib le concept 

which may be implemented w i thou t  major impact.$n the  ove ra l l  s i ze  of the tokamak. 

The d i v e r t o r  c o i l s  are  i ns i de  the TF c o i l  a r ray  and vacuum vessel. The po lo ida l  

d i v e r t o r  i s  formed by a  p a i r  o f  c o i l  sets w i t h  zero net  current .  Each se t  consists 

of a  n'umber o f  c o i l s  forming a  dish-shaped washer-1 i ke r i ng .  The magnetic f l ux  i n  

t he  space between the c o i l  se ts  i s  compressed v e r t i c a l l y  t o  l i m i t  the he ight  and t o  

expand the  hor izonta l  w id th  o f  the p a r t i c l e  and energy b u r i a l  chamber which i s  

located i n  the gap between the c o i l  sets.  he i n t e n s i t y  o f  the po lo ida l  f i e l d  i s  

increased t o  make t he  p i t c h  angle o f  th-e f l u x  1  ines very l a rge  so t h a t  the d iver ted 

p a r t i c l e s  can be in tercepted by a  large number of panels or iented at a sma,ll angle 

w i t h  respect  t o  the f l ux  '1 ines. They are ca re fu l l y  shaped and designed such t h a t  
' 

t he  e n t i r e  surfaces are exposed t o  the inc iden t  p a r t i c l e s  and are no t  shadowed by 

each other.  Large c o l l e c t i n g  surface areas can be obtained; Flowing 1  i q u i d  1  i th ium 

f i l m  and so l  i d  metal pdnels have been considered as the p a r t i c l e  oco l lec tors .   he 
2 

power dens i t y  f o r  t h e  former i s  designed a t  1  M W / ~ '  and f o r  the l a t t e r  0.5 MW/m . 
The major mechanical , thermal , and vacuum problems have been evaluated i n  s u f f i c i e n t  

d e t a i l  so t h a t  the advantages and d i f f i c u l t i e s  are i d e n t i f i e d .  A complete funct iona l  

p i c t u r e  i s  presented-. The l i t h i u m  f i l m  has the advantage o f  being renewable bu t  i s  

compl i ca ted  by mechanical p i  p ing and an e l  e c t r i c a l  network t o  provide 1  i thium pump- 
ing.  The so l  i d  ge t te rs  operate a t  lower power density, but  can t r a p  helium. This 

d i v e r t o r  model i s  independent o f  a  p a r t i c u l a r  tokamak system; although the analyses 

performed were based on TNS. 
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1 .  INTRODUCTION . . 

The po lo ida l  d i v e r t o r  i s  considered as one o p t i o n  f o r  i m p u r i t y  c o n t r o l  and f i r s t -  

w a l l  p r o t e c t i o n  by removing the  charged p a r t i c l e s  di f fused from the plasma i n  t h e .  

TNS t rade study(' ) . Th is  work i s  devoted t o  t h e .  examination o f  those f a c t o r s  

which c o n t r i b u t e  t o  a sound physical  basis f o r  ob ta in ing  a f e a s i b l e  engineer ing 

design of a magnetic' div.ertor.  A s u f f i c i e n t l y  d e t a i l e d  and complete design e f f o r t  

has been c a r r i e d  ou t  t o  understand the  most important  aspects, o f  t h i s  .design.'. A 

conceptual design, the  d i f f i c u l t i e s ,  t he  poss ib le  uncer ta in t i es ,  as we1 1 as the  

advantages .of t h i s  sys tern are presented. 

. .  .. 

(2) This r e p o r t  concentrates on the  "so-cal led"  na tu ra l  po lo ida l  d i v e r t o r  conf igura ' t ion  , 
where the  d i v e r t o r  and e q u i l i b r i u m  f i e l d  (EF) c o i l s  are i n s i d e  the  t o r o i d a l  f i e l d  

(TF) coi.15. I t  i s  genera l ly  conceded t h a t .  t o  operate a tokamak a t .  steady s t a t e  o r  

f o r  long burning times, a d i v e r t o r  w i t h  a h igh  e f f i c i ency  p a r t i c l e  t rapp ing  system 

may be necessary t o  reduce 1)  the i m p u r i t i e s  from t h e  f i r s t - w a l l ,  and 2) the.gas . . 

throughput t o  the  pumping system t o  a reasonable . leve l .  Th is  argument, however, ': 
. . 

does no t  preclude the  p o s s i b i l i t y  of f i nd ing  a method of r e c y c l i n g  the  p a r t i c l e s  

and p r o t e c t i n g  the  f i r s t - w a l l  t o  reduce the  i m p u r i t i e s  so t h a t  t he  plasma can 

sus ta in  a reasonably long pe r iod  o f  steady opera t ion  .. Our concern here,, as.suming 

a magnetic d i v e r t o r  i s .p roven  t o  be necessary, i s  t o  f i n d  a design approach.which 

i s  feas ib le  fro,m both t h e o r e t i c a l  and engineer in considerat ions.  Considerable 

a t t e n t i o n  has been focused on po lo ida l  d i v e r t o r s  7 3-23) and t h e i r  advantages and 

d l f f l c u l  t i e s  have been . ident i f ied.  T I I ~  ddvdntages are: 1 ) t h a t  the po lo ida l  

d i v e r t o r  i s  a na tu ra l  r e s u l t  of having a p o l o i d a l  f i e l d  t o  main ta in  plasma e q u i l i -  

brium; and 2) t h a t  .it w i l l  ma in ta in  the  axisymmetric conf igura t ion  of t he  tokamak. 

The disadvantages are: 1) t h a t  the  power depos i t ion  on the  p a r t i c l e  c o l l e c t i n g  

surfaces tend t o  be very high; 2) t h a t  t h e  engineer ing prob1:ems .associated w i t h  

the  d i v e r t o r  c o i l s  and p a r t i c l e  c o l l e c t i o n  tend t o  be very d i f f i c u l t ;  3) pumping 

requirements are s t i l l  very high; and 4 )  t h a t  t he re  i s  y e t  no conclusSve exper i -  

mental evidence t o  support the  assumed cap-abi 1 i t y  of t he  po l  o i d a l  d i v e r t o r .  
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It has been t h e o r e t i c a l l y  proven by ~ense ,  K e i l  haker, and others t h a t  t h e  unload- 
3 .- 

i n g  e f f i c i e n c y  o f  the po lo ida l  d i v e r t o r  i s  be t t e r . t han  98% (15916,) and the sh ie ld-  

i n g  e f f i c i e n c y  i s  b e t t e r  than 96%'' 5 ) .  Hopeful ly, conf i rmatoiy experimental 
. - 

r e s u l t s  w i l l  be obtained from the PDX experiment(8).  he prospect o f  the poloidal.  

d i  v e r t o r  would be enhanced' if reasonable p a r t i c l e  co l  l e c t i n g  methods can be found. 

For t h i s  purpose, we discuss a concept and a method o f  designing the magnetic 

f l ux  pa t t e rn  and component con f igu ra t ion  which w i l l  provide s u f f i c i e n t  c o l l e c t i n g  

area t o  keep the average power.dep6sit ion below 1 MW/~' ,  wh i le  the he ight  of the 

system i s  minimized. The idea i s  t o  compress the magnetic f l u x  v e r t i c a l l y  i n  t h e .  

p a r t i c l e  b u r i a l  reg ion  ins tead o f  expanding i n  the usual way, so t h a t  the v e r t i c a l  

dimension i s  l i m i t e d  and hor i zon ta l  w id th  i s  increased. The method of c o l l e c t i o n  

w i l l  be d'iscussed i n  d e t a i l  i n  the fo l low ing  sections. ' 

. 

TWO p a r t i c l e  ge t t e r i ng  methods were considered i n  our study. One i s  the we1 1 d is -  

cussed l i q u i d  l i t h i u m  f r e e  gra 'v i ty  f a l l ( * )  and l i q u i d  l i t h i u m  f low over gold 
.. 

p la ted,  s t a i n l ess  s tee l  screens (18s23). When chevron s t ruc tures are used (23) , - 
99.9% 'ge t te r ing  e f f ic iency fo r  hydrogen isotopes .tias been. claimed. However, the 

phys ica l  and thermal proper t ies  o f  l i q u i d  l i t h i u m  f low i n  a strong m a g n e t i c f i e l d  
. 

a re  no t  known and the p i p i ng  and e l e c t r i c  netwbrk requ i red  t o  pump the l i t h i u m  i s  

found t o  be very complicated i n  t h i s  study. This l e d  t o  a ser ious evaluat ion o f  

so1 i d  ge t te rs .  , The thermal load for  t h i s  d i v e r t o r  can be designed as low as 
2 0.5 MW/m i n  the TNS app l i ca t ion ;  therefore,  s o l i d  get ters  now become possible 

o r  even compet i t ive because helium ions can a lso be trapped. 

The f o l l ow ing  sections discuss 1)  t h i s  d i v e r t o r  concept, and 2) the major compo- 

nents of mechanical design, the thermal design, the l i t h i u m  ge t t e r  system, the 

s o l i d  g e t t e r  system, and vacuum design considerat ions. The advantages and d is -  

advantages are ind icated and recommendations f o r  f u r t h e r  study are provided. 
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2.0 PHYSICAL CONCEPT 

I n  t h i s  sec t i on  we discuss t h e  design o f  the  d i v e r t o r  magnetic f i e l d  p a t t e r n  so 

as t o  p rov ide  s u f f i c i e n t  area f o r  p a r t i c l e  c o l l e c t i o n  and s u f f i c i e n t  space f o r  

shie, lding. Candidate p a r t i c l e  c o l l e c t i o n  methods a re  i d e n t i f i e d  and described. 

The MHD e q u i l i b r i u m  c a l c u l a t i o n  of -the f l u x  p a t t e r n  and the  o t h e r  analyses are  

based on a  t y p i c a l  TNS-3 tokamak'model (1s2s26) .  Th is  des ignat ion  app l i es  t o  one 

of a  se r ies  o f  p o i n t  designs under cons ide ra t i on  i n  t he  ORN.L/Westinghouse TNS 

study. TNS-3 re fe rs  t o  a  s e t  o f  tokamaks us ing  NbTi superconducting TF c o i l s .  

The key plasma parameters associated w i t h  the  t y p i c a l  design p o i n t  chosen f o r  
I 

the  d i v e r t o r  study are  g iven i n  Table 2-1. 

DIVERTOR MAGNETIC FIELD DESIGN 2.1 

The p r e l i m i n a r y  magnetic f i e l d  design by Peng (26)  f o r  TNS provides f o r  t h ree  se ts  

o f  p o l o i d a l  f i e l d  windings t o  c o n t r o l  and shape the  plasma t o  a t t a i n  h igh  beta 

e q u i l i b r i a .  From s t a b i l i t y  cons idera t ions  a  D-shaped plasma cross s e c t i o n  was 

found t o  be des i rab le  and, i n  the  process o f  determin ing the  requ i red  d i s t r i b u t i o n  

of windings, i t  was found t h a t  a  p a r t i c u l a r  arrangement o f  t u r n s  l e d  t o  a  n a t u r a l  

p o l o i d a l  f i e l d  d i v e r t o r  con f i gu ra t i on  w i t h  f l u x e s  near t he  n u l l  p o i n t  o f  t he  R 
cross sec t i on  as shown i n  F igure  2-1. The EF c o i l  system t y p i c a l l y  cons i s t s  of 

i nne r  EF c o i l s ,  ou te r  EF c o i l s ,  and d i v e r t o r - l i k e  c o i l s .  The parameters o f  t h e  

re ference c o i l  s e t  a re  g iven i n  Table 2-2 f o r  TNS-3 f o r  the  na tu ra l  d i v e r t o r  con- 

f i g u r a t i o n .  I n c i d e n t a l l y ,  a l t e r n a t e  designs f o r  t he  TNS-3 w i t h o u t  t he  na tu ra l  

d i v e r t o r  a re  q u i t e  s i m i l a r  so t h a t  i t  appears t h a t  t h i s  f e a t u r e  has l i t t l e  

engineer ing impact. 

S t a r t i n g  w i t h  the  c o n f i g u r a t i o n  o f  F igure  2-1, the  present  s tudy considered the  

p o s s i b i l i t y  of implementing a  d i v e r t o r  system w i t h i n  the  geometry shown, and 

w i t h  a  s i n g l e  d i v e r t o r  c o i l .  This  was n o t  'found t o  be p r a c t i c a l  f o r  t h e  fo l l ow ing  

reasons: 1 )  t he re  i s  n o t  enough s.pace t o  p rov ide  nuc lear  s h i e l d i n g  f o r  t he  c o i l  

and t o  supply coo lan t  t o  t he  c o i l ;  2) t he  b u r i a l  chamber f o r  t he  d i v e r t o r  w i l l  be 



TABLE 2-1 

KEY PLASMA PARAMETERS FOR A TYPICAL TNS POINT DESIGN 
. . 

Plasma Major Radius R o = 5 m  

P l  asma Minor Radius. a = 1.25 m 

To ro ida l  ~ i e l d  on Axis B o = 4 T  

~l ongat ion E = 1 . 6  . . 
- 

Plasma Cur rent  Ip = 6.4 MA . . 

- 
Average Beta* B = 14.7 % 

Equ iva lent  throughput t o  
. ., D i v e r t o r  . 

P 
= 1500 t o r r  1 i t e r / s e c  

2 5 x l oP2  pa r t i c les /sec  

, Thermal Power t o  d i v e r t o r  ' . Q T  = 320 MW 
, . 

To ta l  Fusion Power Generated 
(21 MeV/Reaction) 1900 MW 

- 
Plasma I o n  Temperature ,- Ti = 13.5 keV 

. Energy Containment' Time rE = 1.2 s 
- 20 m-3. 

Plasma I& ~ e n s i  ty ni = 2 x l O  

* Highest  average 13 considered i n  the  TNS t rade  studies.  
I n  general ,  devices were analyzed i n  which B va r ied  from 5 t o  15%. 
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CURRENTS AND LOCATIONS O F  THE EF COILS WITH A NATURAL DIVERTOR 

FOR A TYPICAL TNS-3 POINT DESIGN 

Typical 
No. - R(m) Amp-Turns11 * P 

+0.13 (EF-D) 

-0.093 1 
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~ i g u r e  2-1. P l a s m  shape of TNS-3 without divertor burial chamber design. The magnetic flux 
. . plot of the equilibrium configuration is shown in the upper left corner. 
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b d i r e c t l y  exposed t o  neutrons and t h e  backstreaming of n e u t r a l s  i n t o  the  plasma 

w i l l  be la rge ;  and 3)  the  power dens i t y  on the  p a r t i c l e  c o l l e c t o r  i s  t o o  h igh  

because the  magnetic f l u x  from the  scrape-o f f  l a y e r  i s  n o t  spread s u f f i c i e n t l y  

i n  t he  b u r i a l  chamber. The t h i r d  reason i s  the  most impor tan t  and l e d  t o  con- 

s i d e r a t i o n  of a l t e r n a t e  magnetic f i e l d  geometries. 

The essence of t he  compact p o l o i d a l  d i v e r t o r  concepto i s  shown i n  F igure  2-2, where 

we propose t o  augment the prev ious s i n g l e  d i v e r t o r  c o i l  w i t h  an a r r a y  of  opposing 

c o i l  se ts  which def ine a  magnetic f l u x  s l o t .  The n e t  c u r r e n t  of these c o i l  se ts  

i s  designed t o  he zero so t h a t  th,ey have n e g l i g i b l e  . . e f f e c t  on the  plasma. The 

lower s e t  o f  c o i l s  has p o s i t i v e  cur ren ts ,  i n  the  same d i r e c t i o n  as the  c u r r e n t  

IEF-D , which form a  plane passing through the  o r i g i n a l  d i v e r t o r  c o i l .  The upper 

s e t  o f  c o i l s  has an equ iva len t  negat ive  cu r ren t .  The angle o f  t h e  c u r r e n t  p lane 

w i t h  the  h o r i z o n t a l  i s  a r b i t r a r y  and i s  about 2U0, as shown i n  the  f i g u r e ,  t o  

p rov ide  maximum u t i l i z a t i o n  o f  t he  space. The o b j e c t i v e  o f  t h i s  design i s  t o  

form a  s l o t  between the  two c o i l  se ts  by c'ompressing the  f l u x  i ns tead  of  expanding 

i t  v e r t i c a l l y  (.the usual way t o  ga in  area'). The he igh t  i s  now reduced, b u t  t he  

w id th  i s  increased t o  use as much o f  the  a v a i l a b l e  space as possib le.  

The b u r i a l  chamber w i l l  be loca ted i n s i d e  t h i s  s l o t .  The s l o t  looks l i k e  a  

dished washer w i t h  th ickness d  and w id th  w. I n  t h i s  model we have d  = 0.3 rn, 

w = 1.5 m; the t o t a l  c u r r e n t  i n  each c o i l  s e t  i s  I = 3.0 MA. The p o l o i d a l  f i e l d  D 
i n t e n s i t y  B i n  the  b u r i a l  chamber w i l l  be about 1.55 T. Thus, t h e  f i . e l d  l i n e s  

P 
i n  t he  s l o t  w i l l  have a  l a r g e p i t c h  angle de f ined as 

\ 

!I The t o r o i d a l  f i e l d  s t reng th  BT = 4.6 T  a t  RD = 4.35 m, t he  rad ius  o f  t he  center -  

I l i n e  o f  t he  b u r i a l  chamber. This  a l lows placement o f  the  c o l l e c t i n g  p l a t e  i n  con- 

formance w i t h  the f i e l d  l i n e s .  Th is  prov ides a  l a r g e  c o l l e c t i n g  area and a l so  

a l lows adequate space f o r  the s t r u c t u r a l  members and associated hardware. 



Figure.2-2. Proposed divertor design; flux in the chamber is compressed by two sets ofbcoils. 
5 .  

. . -  . . . . . . 
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b The MHD e q u i l i b r i u m  con f i gu ra t i on  i n c l u d i n g  the  d i v e r t o r  c o i l  se ts  has been 

obta ined as shown i n '  F igure  2-3; Th i s  was c a l c u l a t e d  f o r  2 1% and f o r  I = 
P  

3.6 MA. We can expect t h a t  the  p a t t e r n  remains the  same . f o r  h igh  B because the 

c u r r e n t  ID remains f ixed.  The d i v e r t o r  f i e l d ,  as w e l l  as the  t o r o i d a l  f i e l d ,  

a re  steady s ta te .  There i s  no a d d i t i o n a l  power hand l ing  requirement.  .The mag- 

n e t i c  f l u x  p a t t e r n  changes very l i t t l e  by making smal l  v a r i a t i o n s  i n  t he  c u r r e n t  

I,.,;therefore, we can choose I D  t o  g i v e  B = 1.55 T. The perpendicular  component 
P  

o f  the  magnetic s t ress  on t h e  conductor can be c a l c u l a t e d  from 

2.2 PART1 CLE COLLECTION METHODS 

L e t  us f i r s t  i l l u s t r a t e  the  method of p a r t i c l e  c o l l e c t i o n  w i t h  l i t h i u m .  The f l u x  

1  ines i n  the  b u r i a l  chamber are sketched i n  F igure  2-4 as viewed from the  top. 

I f  we a r b i t r a r i l y  d i v i d e  t h i s  f l u x  s lab  i n t o  48 bundles, the  method o f  c o l l e c t i n g  

the  p a r t i c l e s  i s  s imply t o  i n t e r c e p t  t he  oncoming p a r t i c l e  stream w i t h  l i t h i u m -  

wetted screens which are  placed a t  a  small angle w i t h  respect  t o  t he  f i e l d  l i n e s  

as shown by Figure 2-5, which i s  the  enlargement of a  f l u x  bundle AB o f  F igure  2-4. 

The concept o f  c o l l e c t i o n  i s  i l l u s t r a t e d  fo r  c l a r i t y  i n  t h i s  f i g u r e .  The space 

behind the  screen i s  a v a i l a b l e  f o r  s t r u c t u r e ,  pumping por ts ,  and a  l i t h i u m  c i r c u -  

l a t i n g  path. A l A  o f  the  s t ruc tu res  and c o i l s  a re  p ro tec ted  from the  p a r t i c l e s  by 

the  l i t h ium-we t ted  screens formed i n  the  shape of a  "horn".  The l i t h i u m  screens 

a re  placed on the  top  and bottom o f  the  c o l l e c t i n g  horns t o  increase the  c o l l e c t -  
+ -+ 

i n g  area. An i l l u s t r a t i o n  o f  two adjacent  horns i s  shown i n  F igure  2-6. An E X B 

pump f o r  c i r c u l a t i n g  the  l i t h i u m  i s  represented by the  capac i to r  p la tes .  There 

are  a  t o t a l  o f  192 horns i n  each d i v e r t o r ,  which g i v e  a  t o t a l  c o l l e c t i n g  area o f  
2  % 320 m . To increase the  capture e f f i c i e n c y  o f  t he  sca t te red  and secondary p a r t -  

i c l e s ,  screens can be i n s e r t e d  i n t o  the  horn which co inc ide  w i t h  the  f i e l d  l i n e s  

so as n o t  t o  shadow the  c o l l e c t i n g  surfaces. I nc reas ing  the  c o l l e c t i n g  sur face 

can be'done by i nc reas ing  the  number of c o l l e c t i n g  horns. 
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F i g u r e  2-3. The magnetic f lux p l o t  of t h e  e q u i l i b r i u m  conf igurat ion ,  
i n c l u d i n g  t h e  d i v e r t o r  c o i l s .  (This i s  t r a c e d  from t h e  
p r i n t e r  p l o t  and i s  n o t  accurate. )  



, 
FLUX BUNDLE PARTICLE TRAJECTORY 

F igure  2-4. F lux  and p a r t i c l e  motions i n  the  b u r i a l  chamber ( t o p  view of t he  b u r i a l  chamber). 



OUTER CIRCUMFERENCE 

Figure 2-5. Enlargement o f  the  f l u x  bundle, AB, i n  Figure 2-2. P a r t i c l e s  a r e  
in tercepted  by the  l i th ium-wetted surfaces. 
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Figure  2-6. P a r t i c l e  c o l l e c t i n g  horns w i t h  l i q u i d  l i t h i u m  c o l l e c t i n g  screens a re  shown by 
t h e  meshes. The l i t h i u m  i s  c i r c u l a t e d  by the  X B pumps w i t h i n  the  por ts .  
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The characteristics and the design parameters of solid getters are discussed in 
greater detail i n  Section 5 on vacuum considerations. For solid getters a much 
larger surface area i s  needed to reduce the thermal load and particle flux. For 
this purpose, we again divide each of' the 48 flux bundles into five or more 
channels as shown in Figure 2-7. The field lines are indicated by dotted curves 
with arrows. The collecting panels are indicated by solid lines with fins. The 
surfaces are curved away from the field lines a t  a small angle in order t o  inter- 
cept the particles. The fins are shadowed by the panels from the incident charged 
particles and serve only as traps for scattered or secondary neutral particles. 
This i s  again illustrated by the enlarged segment ABCD shown in the upper l e f t  
corner. There are no back-side walls for the horns so t h a t  the neutrals t h a t  
escape the fin trapping will 'enter and be gettered by t h e  Zr/Al panels behind the 
horns. An illustration of two adjacent horns i s  again shown by Figure 2-8. A 

2 total surface area of 640 m of titanium i s  estimated for this arrangement. 
Therefore, the power density i s  reduced t o  0.5 MW/~' ,  which represents a modest 
heat load. The charged particle getter panel i s  chosen to be titanium on grounds 
which are discussed later.  

The orientation of the collector horns in the divertor assembly i s  shown by Figure 
2-9. The horn wi 11 house sol id metal panels or will be 1 ined with 1 i thium-wetted 
screens as described in the above.   he description of the mechanical structure 
can be found in Section 4. 
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Figure 2-7. T i  and ZrIAl sol i d  'getter panels. T i  panels are. used t o  getter ions. The f ins 
on  the back are used for trapping scattered and sputtered neutrals. The escaped 
neutrals are again gettered by Zr/Al panels. . .. 
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C HARG ED PARTICLES 

Figure 2-8. particle collector horns w i t h  T i  getter panels. Ti will trap ions (H?+, D', He+). 
The escaped hydrogenic neutral s will be gettered by Zr/Al panel s .  
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Figure  2-9. T r i rne t r i c  view of t he  d i v e r t o r  assembly. The horn w i l l  house 
so l  i d  metal panels or w i l l  be 1 i ned  w i t h  1 i thium wet ted screens. 
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3.0 ' THERMAL DESIGN 

I n  t h i s  sec t i on  we discuss the  thermal considerat ions associated w i t h  the  use o f  

l i q u i d  l i t h i u m  f i l m s  and the  s o l i d  g e t t e r s .  The l i q u i d  l i t h i u m  mass f l ow  r a t e  i s  

est imated and the requ i red  c i r c u l a t i n g  system i s  described. The r e a c t i o n  o f  t he  

f r e e  sur face l i t h i u m  f i l m  i n  the  s t rong magnetic f i e l d  has n o t  been examined i n  

t h i s  study. The coo l i ng  method fo r  t h e . s o l i d  g e t t e r  i s  described and the  thermal 

c h a r a c t e r i s t i c s  of the  g e t t e r i n g  ma te r ia l  are discussed. 

T h e ' t o t a l  c o l l e c t i n g  surface area f o r  t he  l i q u i d  l i t h i u m  design described i n  
2 Sect ion 2.2 i s  about 320 m . F 0 r . a  t o t a l  power depos i t i on  o f  320 MW t h e  sur face 

2 heat f l u x  i s  the re fo re  1.0 MW/m . The design temperature r i s e  o f  t h e  1 i q u i d  
l i t h i u m  was selected t o  be 100°C, which i s  about 70% of the  a l lowab le  temperature 

change o f  l i t h i u m  from i t s  me l t i ng  p o i n t  o f  186OC and i t s  b o i l i n g  p o i n t  o f  325OC 

a t  t h e  plasma vessel pressure o f  about t o r r .  With t h e  above g iven heat f l u x  

and temperature r i s e ,  the  t o t a l  l i q u i d  l i t h i u m  f low r a t e  i s :  

where 
T 

= t o t a l  heat i n p u t  = 320 MW 

C = s p e c i f i c  heat o f  l i t h i u m  = 4.188 J/g O C  

P 
AT = l i t h i u m  temperature r i s e  = 100°C. 

With t h i s  f l o w  r a t e  and the  sur face area, the  f i l m  th ickness o f  t h e  l i q u i d  l i t h i u m  

f a l l  was est imated t o  be about 0.2 cm which appears t o  be reasonable. 

Since the re  are  192 wedge-shaped c o l l e c t o r s  i n  the  design,. t he  f l o w  r a t e  per 

c o l l e c t o r  i s  764/192 = 4.0 kglsec. Assuming one .pipe i s  used t o  . c i r c u l a t e  the  

l i t h i u m  f l o w  per c o l l e c t o r  and the  cross-sect ional  area o f  t h e  p ipe  i s  0.3 x 
2 .0333 = 0.01 m , the  l i t h i u m  f l o w  v e l o c i t y  i n  the  p ipe  i s :  
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. ~il 4.0 - .  - 
Uo - TmG 

- = 0.8 m/sec 
001 x 4 9 i  

where A = p ipe flow area ,;= '.01 m  2  

3  p ,  = l i t h i u m d e n s i t y  = 4 9 7  kg/m. 

. . 

The Hartmann number f o r  the  l i t h i u m  flow i s  (27). 

where a  = one-half  o f  the wid th  o f  the channel area = .01666 m 

B, = t ransverse po lo ida l  magnetic f i e l d  = 4.5 t e s l a  
6  

' U  = l i t h i u m c o n d u c t i v i t y  = 2 . 2 2 x  10 mhos/.m 

n = l i t h i u m  v i s c o s i t y  = 5.8 x  kg/sec-m. 

S u b s t i t u t i n g  the above values i n  Ha, one obtains 

(28). The t r a n s i t i o n  ~ e ~ n o l d s  number i s  . 

6  . . 
Ret = 500 Ha = 2.319 x  10 (3 - 5') 

. . 
whereas the  Reynolds number of the f l ow i s  

which i s  smal ler  than the t r a n s i t i o n  Reynolds number given i n  Eq. (3-5)'; therefore; 

t he  MHD Hartmann f l ow  regime appl ies(28).   he ca lcu la t ions  f o r  the electromagnetic 

pump t o  c i r c u l a t e  t he  1  i t h i u m  a re  described i n  Appendix A. The resu l t s  of 

ca l cu l a t i ons  are  summarized i n  ' the fo l ' lowing paragraphs. 
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C . + +  
The f r e e  sur face l i t h i u m  i n  the  vac.uum,has t o . h e  r e c i r c u l a t e d  by E X B pumps.' The 

s i m p l i f i e d  geometry of t h e  pump.i's shown i n  F igure  3-1. The dimensions a r e  2 w =. 

0.3 m, 2 a = 0.0333 m, and L = 1 m. The f l o w  i s  a long the  Z-axis d i r e c t i o n  and 

the  t ransverse magnetic f i e l d  i s  a long the  X-axis d i r e c t i o n .  As shown i n  the  

l a s t  sect ion,  t he  Hartmann number o f  t he  f l o w  i s  4638, so t h a t  t h e  f l o w  i s  Hartmann 

. a n d t h e f l o w v e l o c i t y i s g i v e n b y t h e ~ X i f d r i f t o r U o = 0 . 8 m / s e c .  

The pressure g rad ien t  of Hartmann' f l o w  i s  g iven by t h e  fo l l ow ing  equat ion: 

where Re i s  t he  Reynolds number and Ha t h e  Hartmann number. I n  Eq. (3-7) ,  

K = E y / i  Bo, where Ey i s  t he  e l e c t r i c  f i e l d  i n  y - d i r e c t i o n ,  6 i s  t he  average f l o w  

v e l o c i t y ,  and Bo the  magnetic induc t ion .  The second term o f  Eq. (3-7) i s  t he  

pressure drop due t o  t h e  magne t i c ' v i scos i t y .  The t h i r d  term i s  t he  g r a v i t a t i o n a l  
-p ressure  drop which i s  n e g l i g i b l e  i n  comparison w i t h  t h e  magnetic pressure drop. 

The average v e l o c i t y  o f  t he  channel f l o w  i s  g iven i n  t h e  fo l l ow ing  expression: 

The f a c t o r  Ha/(Ha - tanh Ha) I s  approximately 1 f o r  l a r g e  Hartmann numbers. Then 

K i s  chosen t o  be 1.1 t o  account f o r  t he  pressure drop due t o  end e f f e c t s ,  H a l l  

e f f e c t ,  and nonun i fo rmi ty  o f  the  magnetic f i e l d ,  which a r e  neglected i n  Eq. (3-7) .  

Making 6 = Uo, t he  l i t h i u m  mass f l o w  v e l o c i t y ,  and t a k i n g  Bo = 4.5 T, t h e  e l e c t r i c  

f i e l d  requ i red  i s :  

Ey = KG Bo = 3.96 vo l t s lm .  
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Figure 3-1. Simplified magnetohydrodynamic channel flow for the E X B pump. 
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b The c u r r e n t  per  channel i s  

I = 2 ( K  - 1) a BO a = 27 kA/un i t  l e n g t h  

The t o t a l  power requirement i s  thus 

which appears reasonable. 

2 I f  we use a c u r r e n t  dens i t y  i n  t h e  leads o f  1500 A/cm f o r  each pump, t h e  cross-  
2 sec t i ona l  area o f  the  l ead  f o r  each pump i s  18 cm . The conductor s i z e  i s  q u i t e  

s i g n i f i c a n t .  The j o u l e  heat ing  i n  t h e  conductor i s  

2 3 Q'" = 'J Ocu = ( 1 5 0 0 ) ~  (1.67 x l oe6 )  = 3.76 MW/m . 

Therefore, cool  i ng o f  t he  conductor i s  necessary ., 

  he above ana lys i s  shows t h a t  t he  e l e c t r i c  f i e l d  and power requirements a re  reason- 

able, b u t  t he  conductor lead f o r  supp ly ing  27 kA o f  c u r r e n t  t o  each pump i s  very  

heavy and requ i res  a cross sec t i on  o f  4.3 cm x 4.3 cm w i t h  coo l i ng .  Since 384 

such conductor leads a r e  requi red,  t he  system would be q u i t e  compl i ca ted .  As a 

resu l  t, f u r t h e r  t h e o r e t i c a l  work i s  requ i red  t o  improve t h i s  system. 

3.2 THERMAL DESIGN FOR SOLID GETTERS 

2 As discussed i n  Sect ion 2.2, a sur face w i t h  an area o f  640 m can be obta ined and 

the  thermal l o a d  can be designed t o  be as low as 0.5 M W / ~ ~ ,  which makes the  s o l i d  

getter,scheme a t t r a c t i v e  and compet i t i ve ,  The p r i n c i p l e  o f  s o l i d  g e t t e r s  i s  d i s -  

cussed i n  Sect ion  5. T i tan ium has been chosen as the  g e t t e r  ma te r i a l  i n  the  

present  s tudy because i t  has a h igh  s t i c k i n g  p r o b a b i l i t y  ( f rom 0.8 t o  0.96), a  

s a t u r a t i o n  dose o f  1018 cmm2, and a s p u t t e r i n g  y i e l d  o f  l e s s  than 1% a t  an optimum 

opera t ing  temperature range from -50 t o  280°C. The c o o l i n g  requirement f o r  t he  

t i t a n i u m  p l a t e s  has been analyzed. 
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The g e t t e r  p la tes  and the  horn hous.ing w a l l s  are  made o f  t i t an i um double wa l l s  

w i t h  pressur ized water flowi,ng i n  the space between the wal ls .  The thickness 

of.each wa l l  i s  0.3 cm and the, gap spacing between the wa l l s  i s  0.5 cm. It has 

a l s o  been assumed t h a t  o n l y  85% o f  the p l a t e  surface area i s  ava i l ab l e  f o r  coo l ing 
' 

by water. Parametr ic t r a n s i e n t  heat conduction and hydrau l ic  ca lcu la t ions  were 

performed us ing the  general purpose TAP-B code (29) t o  determine the p l a t e  and 

coo lan t  temperatures along the  p l a t e  coo l ing  channel dur ing a power depos i t ion  

pulse. The r e s u l t s  a re  shown i n  Figure 3-2. The power pulse p r o f i l e  used i n  

t he  ana lys is  i s  a l so  shown i n  the  f i gu re .  The p r o f i l e  cons is ts  o f  a l i n e a r  
2 power ramp from zero t o  0.5 MW/m i n  10 seconds; a constant power depos i t ion  o f  

2 0.5 MW/m f o r  the nex t  10 seconds and then a l i n e a r  down ramp t o  zero f l u x  dur ing 

the  f o l l ow ing  10 seconds.   he' p r o f i l e  i s  repeated i n  every cyc le  o f  operat ion. 

I n  t he  f i g u r e  the p l a t e  surface temperatures a t  the beginning and' a t  the end o f  

the  f l a t  top  p o r t i o n  of the  pu lse 'as a f unc t i on  o f  water f l ow ra tes  a re  shown. 

I t  i s  seen from the f i gu re  t h a t  i n  order to .keep the  p l a t e  surface temperature 

below 280°C dur ing a normal operat ing cycle,  the water f l ow r a t e  r e q u i r e d . i s  about 
2.53 aps lp la te .  For s i x  p la tes  i n  each .horn and.192 horns i n  the d i ve r t o r ,  the 

t o t a l  coo l ing  water requirement i s  2914 aps. A t  2.53 aps lp la te  the maximum water 

temperature r i s e  i n  the longest  p l a t e  channel i s  about 25°C as shown by the 

bottom curve i n  the f i gu re .  The sudden change i n  slope o f  the p l a t e  temperature 

curves a t  20 seconds i s  due t o  the  t r a n s i t i o n  from the tu rbu len t  t o  the laminar 

f low regime i n  the f low channel . 

The temperature d i s t r i b u t i o n  across the g e t t e r  wa l l  thickness a t  the end of the 

power pulse f l a t  t op  ( a t  20 seconds o f  the  cyc le)  i s  shown i n  Figure 3-3. With 

t h i s  temperature d i s t r i b u t i o n  the  r e s u l t i n g  thermal stresses were ca lcu la ted.  

The wa l l  was assumed t o  have a boundary cond i t i on  o f  f i x e d  edges and the tempera- 

t u r e  g rad ien t  occurs on ly  across the p l a t e  thickness. The in-plane thermal s t ress  

d i s t r i b u t i o n  i s  shown i n  t he  f i gu re .  The maximum st ress i s  about 100 MPa which 

i s  below t he  maximum t e n s i l e  s t ress  o f  138 MPa f o r  the mater ia l .  
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Figure 3-2. Getter plate 'surface temperatures and water temperature 
r i se  a t  different water flow rates.  
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C .  For regenerat ion o f  t he  g e t t e r  surface, an e l e c t r i c a l  heat ing  system has t o  be 

designed. Another way t o  heat up the  p l a t e  fo r  regenerat ion i s  t o  reduce the 

coo l i ng  water f l o w  r a t e  dur ing  a  pulse. As shown i n  Figure 3-2, if t h e  regenera- 

t ion ' temperatur 'e  i s  between 500 t o  7 3 0 0 ~ .  ' t h e  water f low r a t e  can be reduced t o  

about 0.2 gps/plate. With t h i s  reduced flow r a t e  t h e  maximum water temperature 

r i s e  i n  the  channel i s  about 170°C. A pressur ized water system a t  about 10 t o  

11 atm i s  required.  I f  t h i s  procedure o f  regenerat ion i s  found unsa t i s fac to ry ,  

e l e c t r i c  heaters can be i n s t a l l e d  a t  the  back o f  t h e  p la tes  t o  heat t h e  g e t t e r s  

t o  any des i red  temperature fo r  as long as requ i red  du r ing  the  of f  c y c l e  pe r iod  

fo r  sur face regenerat ion. 

Without coo l ing ,  t he  peak ad iaba t i c  temperature of t he  p l a t e s  w i t h  the  same power 

depos i t ion  p r o f i l e  i s  11 35OC which i s  we1 1  below t h e  me1 t i n g  temperature of t he  

ma te r ia l .  This i nd i ca tes  t h a t  i n  case o f  l o s s  o f  coolant ,  t he  g e t t e r s  would s t i l l  . 

be i n t a c t  f o r  one cycle.  The support s t ruc tu res  would have t o  be designed t o  

acco'mmodate the  r e s u l t i n g  thermal motion. 

As shown i n  Table 5-1 i n  t h e  d iscussion of g e t t e r  m a t e r i a l s  (Sect ion  5.2.1), 

z'irconium has a s l i g h t l y  h igher s p u t t e r i n q  .y ie ld  o f  3% (as compared t o  < 1% f o r  

. t i t an ium)  bu t  t h e  optimum opera t ing  temperature range extends t o  about 390°C (as 

compared t o  280°C fo r  t i t an ium) .  The coo l i ng  water requ i red  i s  the re fo re  l ess  

than t h a t  f o r  t i t a n i u m  p la tes .  The t r a d e - o f f  i s  a  2% i n  s p u t t e r i n g  y i e l d  

between these two mate r ia l s  aga ins t  t he  coo l i ng  water requirement. T i tanium and 

Zirconium are  hence two good candidates as so l  i d  g e t t e r s  f o r  t h e  d i v e r t o r .  

The thermal load i n  the  lead ing edge o f  t h e  sol  i d  p l a t e  due t o  p a r t i c l e  impinge- 
2  ment would be h igher  than t h e  design value o f  0.5 MW/m on t h e  p l a t e  s ide  w a l l .  

If the leading edge surface i s  perpendicular  t o  the  p a r t i c l e s  path, t h e  load ing 
2  on t h e  lead ing edge may be as h igh  as 10 MW/m . By a  c a r e f u l  design o f  t h e  lead- 

2  i n g  edge, however, t he  thermal load can be reduced t o  below 3 MW/m . One way i s  
t o  round off  t he  corner  and t o  curve the  lead ing edge i n t o  the  horn i n t e r i o r  so 
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as . t o  increase the surface area. A n ~ t h e r ~ w a y  i s  t o  bond a  l aye r  o f  mater ia l  

which has a  h igh me l t ing  p o i n t  and compat ib le .coe f f i c ien t  o f  expansion, t o  the 

. f r o n t e n d o f  t h e p l a t e t o p r o t e c t t h e l e a d i n g e d g e .  N iob iumandtungs tenare  

good candidates f o r  t h i s  app l i ca t ion . ,  Further study on t h i s  problem i s  required 
' 

and planned. 
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4.0 'MECHANICAL DESIGN 

A  conceptual mechanical design was developed t o  evaluate t h e  engineer ing f e a s i -  

b i l i t y  o f  t he  compact d i v e r t o r  concept. Our pr imary concern i s  whether o r  no t  
we can prov ide the  r e s t r a i n t  t o  overcome the  r e p u l s i v e  magnetic s t r e s s  of about 
6 2 

. - 
10 newtonslm between the  p a i r  of c o i l  se ts  w i t h i n  the  very much r e s t r i c t e d  space. 

I t  appears t h a t  t h i s  can be done w i t h  no d i f f i c u l t y .  I n  t h e  f o l l o w i n g  subsect ions 
the  method o f  designing the  s t r u c t u r e  o f  t he  c o i l  assembly and c o l l e c t i o n  horns 

f o r  both l i q u i d  l i t h i u m  and s o l i d  g e t t e r  approaches i s  discussed. 

.4.1 MECHANICAL DESIGN OF THE COIL ASSEMBLY 

A workable design f o r  t he  mechanical s t r u c t u r e  o f  t h e  compact po lo ida l  d i v e r t o r  

and b u r i a l  chamber-concept fo r  TNS i s  shown i n  Figure 4-1. The dimensions d iscus-  
sed here and shown on the  associated f igures  a re  based on a  p o i n t  design of TNS-3 

as the  reac to r  model. 

The main s t r u c t u r e  cons is ts  o f  two s t a i n l e s s  s tee l  dish-shaped, w a s h e r - l i k e ~ s t r u c -  

tu res  w i t h  an I .D .  o f  6.7 m and O.D. o f  9.9 m, The dish-shaped s t ruc tu res  are 

' . each approximately 19 cm t h i c k  and are  separated by t u b u l a r  spacers t o  form a  gap 

of.  approximately 35 cm. Th is  gap provides the  b u r i a l  chamber which, f o r  t h e  

l i t h i u m  case, houses the  l i t h ium-we t ted  screen l i n e d  c o l l e c t o r  horns, t he  l i t h i u m  

piping', and pumps. The dish-shaped s t r u c t u r e  i s  sloped 20" t o  t h e  center  o f  t he  

r e a c t o r  to rus  and i s  d i v ided  i n t o  16 p ie -cu t  seqments t o  f a c i l i t a t e  cons t ruc t i on  

and assembly operat ions. Each segment has over lapping edges t o  prov ide  c i r c u l a r  

c o n t i n u i t y  and t o  add s t r u c t u r a l  s t reng th  a t  t h e  i n t e r s e c t i n g  j o i n t s .  Cut i n t o  

the  i nne r  face sur face of each dish-shaped s t r u c t u r e  are  s i x  c i r c u m f e r e n t i a l l y  

o r i en ted  grooves f o r  nestin,g the  d i v e r t o r  c o i l s .  The th ree  c o i l  grooves on e i t h e r  

s ide  o f  t h e  s t r u c t u r e  c e n t e r l i n e  are  separated by a  20 cm wide r i b  w h i l e  t h e  

adjacent  c o i l  grooves are separated by 5 cm wide r i b s .  The 20 cm r i b  a t  t he  cen- 

t e r  conta ins passageways f o r  connecting the  l i t h i u m  p i p i n g  network on the  bottom 

s t r u c t u r e  t o  the  top  s t ruc tu re .  The smal ler  adjacent r i b s  prov ide  l i t h i u m  pas-, 

sageways t o  the  screens located i n s i d e  the  c o l l e c t o r  horns. I n  a d d i t i o n  t o  the  
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POLOIDAL DIVERTOR 
h STRUCTURALS COLLECTOR HORNS 

ELEVATION COILS 

Figure 4-1.. Plan and side view of poloidal divertor structure. 
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b 
p ip ing ,  the  center  r i b  and. the 'three adjacent  r i b s  on e i t h e r  s ide  o f  t he  center  

r i b  conta in  t h e  holes f o r  the  s t r u c t u r a l  b o l t s  which t i e  t h e  upper and lower 

s t r u c t u r e  together .  The top dish-shaped s t r u c t u r e  i s  spaced r e l a t i v e  t o ' t h e  

bottom dish-shaped s t r u c t u r e  by t u b u l a r  spacers threaded over the  s t r u c t u r a l  
'-' 

b o l t s .  These spacers provide the  proper spacing ( b u r i a l  chamber) between the  

upper and lower se t  o f  c o i l s  w h i l e  the  s t r u c t u r a l  b o l t s  p rov ide  the r e s t r a i n t  

t o  overcome t h e  t o t a l  repu ls i ve  fo rce  between the  two sets o f  c o i l s .  The 
6 2 design s t ress  i s  1.33 x  10 newton/m which provides 30% margin. 

The.s t ruc tura1 b o l t s  a re  located i n  groups along t h e  circumference o f  each r i b  

such t h a t  they pass between the  l i th ium-wet ted  screen l i n e d  c o l l e c t o r  horns. The 

outer  and inne r  edges of t he  dish-shaped s,tructure, as def ined by t h e  I .D .  and 

O.D. o f  t he  s t ruc tures ,  a re  he ld  together  by means of t h i n  tens ion p l a t e s  (1.6 cm) 

which a r e  keyed and b o l t e d  t o  t h e  top  and bottom s t ruc tures .  These p l a t e s  a r e  

notched i n t o  t h e  circumference o f  t he  s t r u c t u r e  a t  such an angle as t o  a l i g n  t h e  

t h i n  edge o f  t h e  tens ion p l a t e  w i t h  t h e  c o l l e c t o r  horns. Th is  provides the  max- 

imum entrance t h r o a t  t o  the  c o l l e c t o r  horns and'minimizes the  lead ing edge o f  t h e  

I n  a  p re l im ina ry  ana lys i s  o f  t he  top  and bottom dish-shaped s t r u c t u r e  and the  

s t r u c t u r a l  b o l t s ,  t he  cross sec t ion  o f  t h e  s t r u c t u r e  was t r e a t e d  as two separated 

' and un i fo rm ly  loaded continuous beams supported a t  seven p o i n t s  (see Figure 4-1 ).  

The f i r s t ' a n d  l a s t  po in ts  corresponding t o  the  ou te r  and inne r  edges o f  t he  d i sh -  

shaped s t r u c t u r e  a re  supported 'by t h i n  tens ion p la tes ,  w h i l e  t h e  f i v e  in termedia te  

po in ts  a re  supported by s t r u c t u r a l  b o l t s  arranged i n  groups as requ i red  t o  meet 

the  needed t e n s i l e  loads. 

One can c a l c u l a t e  the  bending moments over  each support by us ing  the  theorem 

o f  th ree moments(30), expressed i n  the  form 
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. here MA, MB and MC are  the bending moments a t  the supports A, B, and C. L1 and -' '13.) and (-'2 'z3 ) are the terms Lp are  the lengths between supports and ( 1  
4  4  

represent ing the p a r t i c u l a r  loading on the beam. To s i m p l i f y  the ca lcu la t ions,  , 

Table 8 o f  reference 30 was used t o  determine the bending moments and loads a t  --r 

each support. 

4 .  4  A maximum bending moment of 7.83 x 10 N-m and a maximum t e n s i l e  load o f  295 x  10 N . 
4 occur a t  the  mid-point  of the s t ruc tu re  and diminished t o  zero and 95.6 x 10 N,. 

respect ive ly ,  a t  the ends of the  s t ruc ture .  To meet the load requirements, two 
2 6.4 cm diameter b o l t s  w i t h  a  combined t e n s i l e  s t ress area o f  51.6 cm i s  required 

2 a t  the  mid-point and a  tension p l a te  w i t h  24.2 cm cross-sectional area i s  

requ i red  a t  the ends o f  the  s t ruc ture .  The two supports on e i t h e r  s ide o f  the 

mid-point  i s  provided by two groups o f  bo l t s .  Each group contains three 4.8 cm 
2 diameter b o l t s  w i t h  a  t o t a l  t e n s i l e  stress area o f  42.4 cm f o r  each group. 

4.2 MECHANICAL DESIGN FOR FLOWING LITHIUM 

A p ip i ng  mani fo ld i s  attached t o  the top surface o f  the upper dish-shaped s t ruc tu re  .- 

t o  provide d i s t r i b u t i o n  o f  the l i q u i d  l i t h i u m  t o  the surfaces o f  the screens mounted 

i n s i d e  the c o l l e c t o r  horns. To help reduce the heat load on the l i t h i u m  as i t  

passes over the screens,the l i t h i u m  i s  introduced onto the screen a t  three places 

along the length  o f  the  horn. Each l i q u i d  l i t h i u m  i n l e t  i s  located approximately 

1/3 distance along the  path o f  the l i t h i u m  as i t  f lows over the screen. I f  the 

l i q u i d  l i t h i u m  were t o  enter  one end of the c o l l e c t o r  horn a t  Ti and e x i t  the  

o ther  end a t  Toy i t  would increase i n  temperature by some AT; however, w i t h  l i q u i d  
2. 

1 i t h i u m  being introduced a t  two more po in ts  along the path as proposed i n  t h i s  

design, the  temperature r i s e  o f  the l i q u i d  l i t h i u m  i s  reduced by the in termix ing 

o f  1  i q u i d  l i t h i u m  a t  a  temperature To from the addi t iona l  i n l e t s .  

The assembled dish-shaped s t r uc tu re  i s  mounted inside,  near the top of the vacuum 

vessel and supported by tens ion members which t r ans fe r  the load through the vacuum : 

vessel t o  the external  reac to r  structures.  A s i m i l a r  assembly i s  i n s t a l l e d  inside, 



b near the bottom o f  the vacuum vessel and i s  supported from the f l o o r  o f  the reactor 

base by compression members tha t  transmit the loads through the vacuum vessel. 

The get ter  system f o r  t h i s  concept consists o f  1 i qu id  1 i thium-wetted screen 1 ined 

co l l ec to r  horns, 96 ins ide and 96 outside types, as shown i n  Figure 4-2. The 

throat  opening o f  the co l lec to r  horns mounted on the ins ide circumference o f  the 

dish-shaped structure i s  43.9 cm wide while those mounted on the outside circum- 
ference of the structure have a throat  opening of 65.1 cm. Both types o f  co l l ec to r  
horns are 35.5 cm high. 

The co l lec to r  horns are constructed of heavy gage stainless steel  (0.5 an) and the 
inner surfaces are 1 ined w i th  metal screening. The screening on the top and sides 
of the horns are designed t o  have a clearance between the screen and the in te rna l  

surface o f  the horn such tha t  the screens can be t o t a l l y  engulfed w i th  l i q u i d  

l i th ium. The clearance between the bottom screens and the bottom o f  the horn i s  
achieved by having the screen res t  on several r i b s  attached t o  the inner surface 

of the horn bottom plate. The top p la te  o f  the horn i s  recessed and contains 

many small holes t o  provide d i s t r i bu t i on  o f  the l i q u i d  l i t h i u m  on the top and s ide 

screens. The small holes are e l  imtnated i n  the horn top p la te  j u s t  below the 
three 1 i qu id  1 i th ium i n l e t  ports t o  prevent the l i t h i u m  from passing on through 

the screen. The l i t h i u m  tha t  t ravels  down the side screens i s  col lected on the 

bottom p la te  o f  the co l lec to r  horn. Coverage o f  the bottom screen wi th  l i q u i d  
l i t h i u m  i s  assured by the small metal r i b s  o r  d iv ider  plates which are constructed 
across the bottom p la te  o f  the horn. As the l i q u i d  l i t h i u m  s p i l l s  over the d i v ide r  

plates i t  w i l l  come i n  contact w i th  the bottom screen; because o f  the good wett ing 

character ist ics o f  the l i q u i d  l i t h i u m  i t  w i l l  t ravel  along the surface o f  the 

bottom screen. 

Once the 1 i th ium has traveled t o  the narrow end o f  the outside co l l ec to r  horn i t  
w i l l  d ra in o f f  i n t o  a reservoir  where i t  w i l l  be pumped out o f  the horn by electro- 

-t -t 

magnetic E X B pumps and out o f  the vacuum vessel by supplementary pumping systems 

t o  a po in t  where the 1 i thium w i l l  be cooled and reconditioned f o r  a re tu rn  cycle. 



43.W an INSIDE HORN 

65.W em OUTSIDE HORN 

Figure 4-2. Col 1 ector horn with 1 i quid 1 i t h i  urn-wetted screens. 
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The i n s i d e  c o l l e c t o r  horns a r e  s i m i l a r  i n  c o n s t r u c t i o n  b u t  i n  t h i s  case t h e  l i q u i d  

l i t h i u m  i s  in t roduced i n t o  t h e  c o l l e c t o r  horn from t h e  smal l  end and a l lowed t o  
-t -t 

r u n  down the  screen t o  t h e  l a r g e  end where i t  i s  a l s o  removed. by t h e  E X B pumps 

and recyc led  i n  t he  same manner as t h e  1  i q u i d  1  i t h i u m  f rom t h e  ou ts ide  c o l l e c t i n g  

horns. 

4.3 MECHANICAL D E S I G N  FOR SOLID G E T T E R S  

The design o f  t h e . s t r u c t u r a 1  members o f  t he  compact p o l o i d a l  d i v e r t o r  i s  .such 

t h a t  t h e  l i q u i d  l i t h i um-we t ted  screens enclosed i n  t h e  c o l l e c t o r  horns can be 

replaced w i t h  a  s o l i d  c o l l e c t i n g  t a r g e t  as shown i n  F igure  4-3. The phys ica l  

dimensions o f  t he  c o l l e c t o r  horn and the  method of a t t a c h i n g  t h e  c o l l e c t o r  horn 

remain .unchanged. The so l  i d  g e t t e r  horn design uses a  double wal l' c o n s t r u c t i o n  

'technique f o r  coo l i ng  and i s  made o f  t i t an ium.  The horn cons i s t s  o f  a  top  and 

bottom panel, one f u l l  l e n g t h  v e r t i c a l  i n s i d e  curved panel and s h o r t  l e n g t h  back 

panel. . S i x  in te rmed ia te  panels o f  vary ing  l e n g t h  a r e  spaced evenly i n s i d e  the  

horn. The in te rmed ia te  panels a re  i n s t a l l e d  t o  increase t h e  sur face area needed 

t o  reduce the  heat and p a r t i c l e  f l u x  loads. The back s ide  o f  t he  in te rmed ia te  

panels con ta in  f i n s  t h a t  run  from top  t o  bottom o f  each panel. These f i n s  serve 

as t raps  f o r  neu t ra l  p a r t i c l e s .  The back v e r t i c a l  panel of t he  horn does n o t  

extend the  f u l l  l eng th  o f  t he  g e t t e r  horn t o  a l l o w  any neu t ra l  p a r t i c l e s  t h a t  a r e  

n o t  trapped by the  f i n s  on the  back s ide  of t he  panels t o  pass through the  horn 

and c o l l e c t  on a d d i t i o n a l  panels o f  Z r / A l  which a re  l oca ted  between ad jacent  horns. 

Each panel o f  t he  s o l i d  g e t t e r  horn i s  approximate ly  1.1 cm t h i c k  w i t h  a  0.5 cm 

v o i d  between p l a t e s  f o r  t he  water coo lan t .  The c o o l i n g  water  i s  f e d  i n t o  the. 

top  panel of t he  g e t t e r  horn a t  t he  l a r g e  end and i s  removed from the  bottom 

panel a t  t he  narrow end. A s ide  view of t h i s  design i s  again shown by F igure  4-4. 
. . 
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.-. . 

@ FUSION 

5.0 VACUUM CONSIDERATIONS 

To ma in ta in  the  pressure i n  the  d i v e r t o r  b u r i a l  chamber below t o r r ,  a u x i l i a r y  

pumps a r e  needed t o  remove the  res idue n e u t r a l  hydrogen molecules and helium. The '  

pumping requirements fo r  bo th  c o l l e c t i n g  methods, 1 i q u i d  1 i thium and s o l  i d  ge t te rs ,  

a re  discussed i n  the  f o l l o w i n g  subsect ions. 

5.1 LIQUID LITHIUM SYSTEM 

The s o r p t i o n  c o e f f i c i e n t  of hydrogen isotopes by l i q u i d  l i t h i u m  has been measured 

t o  b e  95% exper imenta l l y (Z5) .  I t has been shown t h a t  a hydrogen molecule s o r p t i o n  

c o e f f i c i e n t  of 99.9% can be achieved w i t h  t h e  l i t h i u m  screen arranged l i k e  chev- 

rons (23). However, the s o r p t i o n  c o e f f i c i e n t  o f  he1 ium i s  zero, t he re fo re ,  aux- 

il i a r y  pumping i s  necessary. For simp1 i c i  ty, the  o p t i m i s t i c  assumption w i l l  be 

made t h a t  t he  l i t h i u m  t rapp ing  e f f i c i e n c y  f o r  hydrogen isotopes i s  100%. The 

alpha concent ra t ion  i s  approximately 2% o f  t h e  t o t a l  number of p a r t i c l e s  d i f f u s i n g  

from the  plasma. Since the  throughput of charged p a r t i c l e s  t o  t h e  d i v e r t o r  i s  

equ iva len t  t o  1500. t o r r  1 i t e r j s e c ,  t he  throughput o f  t he  he1 ium t o  the  a u x i l i a r y  . , 

6 pump,is 30 t o r r  l i t e r / s e c .  Th is  r e s u l t s  i n  a pumping speed requirement of  3 x 10 

l i t e r / . sec  f o r  an opera t ing  pressure o f  l o a 6  t o r r .  Using a hel ium pumping speed o f  
2 2 3.7 l i t e r / s e c  cm f o r  a c ryoso rp t i on  panel,  a pumping surface of 81.0 m of cryo-  

panel i s  requ i red  t o  handle such a throughput.  Th is  area requirement i s  too  h igh  

unless.  h igher  opera t ing  pressure i s  a1 lowed. 

5.2 SOLID GETTER SYSTEM 

I t  appears, from the  prev ious ana lys is ,  t h a t  the  f l ow ing  l i q u i d  l i t h i u m  system i s  

compl i c a t e d  and conta ins  unknown phys ica l  u n c e r t a i n t i e s .  The pumping requirement 

f o r  hel ium alone i s  too  h igh  t o  handle, even w i t h  the  most o p t i m i s t i c  assumptions. 

The f a c t  t h a t  t h e  removal o f  hel ium i s  one o f  t he  main purposes o f  the  divertor  

l e d  t o  a ser ious  l ook  a t  the  use o f  s o l i d  metal  ge t te rs .  
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The principle and methods of using.solid getters to achieve an ultrahigh vacuum are 

we1 1 -known (31 *32) and such getters are commercially available. Their application 

to the, fusion reactor has been. discussed by several authors (25*33-35? However, 

the use of solid getters to collect particles in the divertor burial chamber has 

' not been seriously investigated. We have per'formed a detailed investigation to 

understand the problems in order to demonstrate whether or not such a method is 
feasible. The evaluation given here, based on the presently available data and 

information, has shown that the solid getters are indeed very promising and 

relatively simple with our particular divertor concept. In the following, the , 

physical properties of the materials suitable for getters, the' particle collection 
(36) scheme, and overall vacuum. considerations are discussed . 
. . ' $  

. '. 

5.2.1 ' survey of Getter. Materials' 
, I  . 

The principle of ion.pumping and the applications in ultrahigh vacuum have been ' a 

discussed i n  detail by Redhead, et a1 .(31), and others. The mechanisms involved' - 
are entrapment, penetration, and channeling. In fact, the entrapment in solids. 

of positive ions I s .  the only mechanism for gettering rare gases such as he1 ium. 
The trapping coeff,icient ranges from 0.0 to 0.96% depending on the incident ion, 

its energy, target material, and its temperature. The thermal reemission rate 
(31). is generally.10~ and for constant temperature is given by . 

nk Fr (t) = T molecules/sec 

where n is the number of molecules trapped at time zero, t = 0, and k is the 

reemission .constant;.. k was found to be proportional to (1-s) where s is the . . 
(31 sticking probability . .  

. . 

For the thermonuclear application the problem is more difficult. The divertor . 
pumping system must be capable of maintaining a high vacuum while handling a 
large flux of very energetic particles diverted from the scrape-off zone of the 

plasma. Thus, the collector must have the capacity for bot,h the particle and 
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thermal loads. What i s  des i red  i s  a  h igh  s t ick i -ng  . p r o b a b i l i t y ,  a  low s p u t t e r i n g  . . 
y i e l d ,  and a t  t he  same time, the  capac i ty  for, g e t t e r i n g  la,rge numbers of p a r t i c l e s  

(hydrogen and he1 ium) . The o ther  physical  c h a r a c t e r i s t i c s  which a r e  o f  i n t e r e s t  

a re  the  m e l t i n g . p o i n t ,  t h e  densi ty ,  and thermal s t ress .  The metals w i t h  h igh  

me l t i ng  p o i n t s  i nves t i ga ted  fo r  t h i s ,  g e t t e r i n g  a p p l i c a t i o n  are  surveyed and tab-  
(31 1 u la ted  i n  Table 5-1. The e a r l y  data i s  most ly  f o r  t h e  heavy r a r e  gas tons. . 

Recently, more experimental in format ion has become a v a i l a b l e  f o r  hel ium and 

deuterium  ion^(^'-^^) which inc lude l i t t l e  data on t h e  e f f e c t  o f  t h e  t a r g e t  temp- 

e ra tu re  i n  the  'range o f  i n t e r e s t  here. Therefore, some o f  t he  values. i n  Table 

5-1 represent  our  e x t r a p o l a t i o n  of t h e  publ ished data. The sput ter i ,ng y i e l d s  

are  ex t rapo la ted from references 41 through 44. I n  Table 5-1 the  temperature 

range g iven represents the  range i n  which the  s t i c k i n g  . p r o b a b i l i t y  . i s  g rea te r  

than 0.8. The t y p i c a l  behavior i s  shown i n  F igure  5-1. The curves i n  t h i s  f i g u r e  

show f l a t - t o p s  w i t h  s t i c k i n g  p r o b a b i l i t i e s  g rea te r  than 0.9; these values are  

l i s t e d  as the  maximum values i n  Table 5-1. The s t i c k i n g  p r o b a b i l i t y  of 0.8 i s  t h e  

value a t  the  h igh  end o f  t he  temperature range i n  Table 5-1. The i o n  energies 

range from 1  t o  15 keV.   he capac i ty  o f  t he  g e t t e r  ma te r ia l s  i s  de f ined as the  

dose before  sa tu ra t i on  occurs. The t y p i c a l  dependence o f  s a t u r a t i o n  on i o n  energy 

i s  shown by Figure 5-2. The sa tu ra t i on  dose, as we1 1  as t h e  capaci ty ,  increases 

w i t h  i n c i d e n t  i o n  energy. Of the metals l i s t e d  i n  the  tab le ,  t h e  data f o r  t i t a n i u m  

are  the  most up-to-date and complete and o f f e r s  the  best  c h a r a c t e r i s t i c s .  It has 

a  wide and s u i t a b l e  temperature range, h igh  s t i c k i n g  p r o b a b i l i t y ,  h i g h  s a t u r a t i o n  

dose, and- low s p u t t e r i n g  y i e l d .  ' 

As mentioned above, t h e  o n l y  mechanism f o r  pumping r a r e  gas, e.g., helium, i s  t h e  

entrapment o f  t h e  ions  i n  t h e  s o l i d  metal.  Helium produced i n  t h e  thermonuclear 

r e a c t i o n  i s  d i v e r t e d  from t h e  plasma together  w i t h  o the r  ions; p r i n c i p a l l y ,  

hydrogen isotopes. I n  . t he  present scheme, the  hydrogen ions  a re  pumped p r i n c i p a l l y  

by impact and d i f f u s i o n  i n  the  t i t a n i u m  w h i l e  a u x i l i a r y  pumping must he provided 

f o r  the  helium. Although t h e  area a v a i l a b l e  f o r  a u x i l i a r y  pumps i s  l i m i t e d ,  and 

on ly  l i m i t e d  pumping speed can be obtained, t h e  maximum concent ra t ion  of he1 ium 



TABLE 5-1 . 

COMPARISON OF IMPORTANT THERMOPHYSICAL PROPERTIES OF SOLID GETTER MATERIALS 

(1  ) S t i c k i n g  Probabi l  i t i e s  fo r  a Given Target  Temperature Range.  h he 
Lower S t i c k i n g  P r o b a b i l i t i e s  a r e  the  Values a t  t he  Low and High Ends 
o f  t he  Temperature Range. 

(2)  Satura t ion  Doses and Spu t te r i ng  Y ie lds  f o r  Several Metals a r e  f o r  
* 

H+ o r  Dt a t  Normal I n c i d e n t  Energy Ranging from 1 t o  5 keV 
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F igure  5-1. Temp~ra ture  dependence of t he  s t i c k i n g  p r o b a b i l i t i e s  
o f  D ions  i n  Niobium, Ti tanium, Zirconium, and Erbium. 
The maximum s t i c k i n g  p r o b a b i l i t i e s  a r e  as h igh  as 96%. 
Over a  wide temperature range t h e  s t i c k i n g  p r o b a b i l i t y  
i s  > 80%. (McCracken and Je f fe r i es ,  r e f  40) 



3 Figure  5-2. Satura t ion  curves o f  the  t rapping o f  He ions i n  a  
Niobium s i n g l e  c r y s t a l  f o r  d i f f e r e n t  energies implanted 
t o  d i f f e r e n t  doses i n  a  random d i r e c t i o n .  The t rapping  
e f f i c i e n c y  100% a t  dose of < 101~/cm2 a t  1 .5  keV. 
(Behrisch, e t  a1 . r e f  39 ) 
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w i l l  be 1, 2%; therefore, a  r e l a t i v e l y  low pumping speed f o r .  he1 ium i s  required. 

We w i l l  r e t u rn  t o  the a u x i l i a r y  pumping speed determinat ion a f t e r  considerat ion 

of the pumping and backstreaming o f  the p r i nc i pa l  gas, hydrogen. 

5.2.2 Hydrogen and He1 ium Pumping and Backstreaming 

Hydrogen ions enter  the  b u r i a l  chamber o f  the d i v e r t o r  d i rec ted  by the 'magnetic 

f i e i d  1  ines, and enter  the narrow t i t an ium channels. ' As shown i n  Figures 2-7 and 

4-3, these channels are' f inned t o  increase the t rapp ing *e f f i c iency .  A f t e r  the 

f i r s t  impact we assume the ions t o  be neu t ra l i zed  and the hydrogen t o  be i n  the 

molecular s ta te .  The t rapping e f f i c i e n c y  o f  such a  long channel has been studied 

i n  d e t a i l  by Sucov (23) using numerical i n t eg ra t i on  where spa t i a l  d i s t r i b u t i o n s  o f  

the inc iden t  and scat tered p a r t i c l e s  have been proper ly  taken i n t o  account. A 
99% trapping e f f i c i e n c y  has been predicted. For the purpose o f  demonstrating 

the f e a ' s i b i l i t y  of the present scheme, we w i l l  use a  s imp l i f i ed  approach which 

w i l l  g ive  a  conservative est imate o f  the hydrogen pumping e f f i c i e n c y  and back- 
(36 )  . streaming . 

. , 

+ 
We denote the s t i c k i n g  c o e f f i c i e n t  f o r  ions (H', D+, o r  T ) t o  be sl and t h a t  f o r  

neut ra ls  (HZ, D2, DT, etc.  ) ,  so. Then the escape coe f f i c i en t s ,  el and eo are: 

f o r  ions and neutra ls,  respect ive ly .  The ove ra l l  t rapp ing coe f f i c i en t '  a f t e r  n  

c o l l i s i o n s ,  o r  "bounces," a t  the t i t an ium surfaces i s  g iven by the geometric se r ies  

the sum o f  which i s  well-known, enabl ing us t o  w r i t e  
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The l i m i t s  w i t h  respect  t o  n  a re  t r i v i a l  but  , interest i ,ng;  fo r  n  = 0, i.e., a  

"channel" o f  i n f i n i t e s s i m a l  length, s  = sl, wh i le  for  n  = -, i.e., an i n f i n i t e l y  

long channel, s  = 1. Assuming ,.the f i ns  on the t i tan ium channel . wa l ls  t o  have a 

he igh t  t o  separation distance r a t i o  of 2. 5, we assume so t o  be 8 o . I ( ~ ~ ) .  For 

hydrogen ions having an energy 2. 3 keV, as expected fo r  t h e  d ive r ted  ions, sl can 

be taken t o  be % 0.8. Thus, a f t e r  on ly  a  few bounces the ove ra l l  t rapping 

efficiency'approaches un i t y ;  f o r  the assumed s  and so we obta in  a f t e r  on ly  "s i x t t  
1  

bounces, 's = 0.9. Since the  channels are  r e l a t i v e l y  long, narrow, and 1 ined w i t h  

f i ns ;  and s ince the energet ic ions enter near ly  a x i a l l y ,  the neut ra ls  can be 

expected t o  be requ i red t o  make many c o l l i s i o n s ,  on the average, w i t h  the. t i t an ium 

be fb re  escaping e i t h e r  a t  the entrance o r  e x i t  end o f  the channel. Thus, s  = 0.9 

i s  a  conservat ive value. 

The f r a c t i o n  o f  the neu t ra ls  t h a t  escape a t  the channel entrance i s  o f  concern 

because these p a r t i c l e s  provide a  co ld  gas i n f l u x  t o  the plasma. A t  the e x i t  end 

of the channels a  good hydrogen get ter ,  e.g., Zr/16% A1 , i s  provided t o  capture 

untrapped neut ra l  hydrogen isotopes. Pa r t i c l es  emerging from the channels w i l l  
e i t h e r  be captured by the ge t te r ,  whose speed i s  SG9 by an a u x i l i a r y  pump o f  speed 

SA, o r  they w i l l  reenter  the channels. We are in terested i n  determining the 

f r a c t i o n  of the p a r t i c l e s  d i ve r t ed  i n t o  the t i tan ium channels t h a t  can reemerge 

from the  channels; t h i s  amounts t o  the backstreaming r a t i o  and i s  given by the 

product  of the p r o b a b i l i t y  o f  transmission through the channels, 1  - s, the proba- 

b i l i t y  of no t  being captured by the ge t te rs  o r  a u x i l i a r y  pump a t  the e x i t  end o f  

the channels, Ach Co/(Ach C + SG + SA) , and the p r o b a b i l i t y  o f  transmission back 

through the t i t an ium channels, 1  - ( s  - s1 ).  Here, ACh i s  the cross-sectional 

area of the channels and Co i s  the  conductance o f  an o r i f i c e  o f  u n i t  area. Then 

the  hydrogen backstreaming r a t i o ,  FH, i s  given by 

For convenience we w i l l  consider the d iver ted gas t o  be deuterium and use the same 

values of s  and sl as above. The cross-sectional area o f  the channels can be made 



b t o  approximate t h e  t o t a l  area o f  t h e  d i v e r t o r  t h roa t ;  which, f o r  a device o f  

2 dimensions a n t i c i p a t e d  f o r  TNS, i s  appr'oximately 20 m . Using Co f o r  deuterium, 
6 31.3 1 i t e r l s e c  cm2, and a pumping speed of 2 x 10 1 i t e r / s e c  by t h e  Zr /Al  

2 
2.f. $,$j.. 

(corresponding t o  a p ro jec ted  area o f  some 35 m o f  a p p r o p r i a t e l y  corrugated , 

g e t t e r  s t r i p )  and no a u x i l  i a r y  pumping, t h e  r e s u l t i n g  backstreami ng r a t i o  i s  

2 0.07. 

and 

As s ta ted  above, a u x i l i a r y  pumping must be prov ided f o r  the  hel ium s ince i t  i s t n o t  

ge t te red  by e i t h e r  t he  Z r / A l ,  except by i o n  b u r i a l  a t  i t s  f i r s t  impingement, o r  by 

the  t i t an ium.  To determine the  a u x i l  i a r y  pumping speed requi red,  we can expect 

some 60% o f  t he  hel ium ions  t o  be embedded i n  the  metals  l i s t e d  i n  Table.5-1 up t o  
2 .  a concent ra t ion  on the  order  o f  atomslcm , I . e . ,  SI = 0.6 (31) . 

As i s  shown i n  F igure  4-4, we assumed t h a t  t he  a u x i l i a r y  pump, i .e. ,  t h e  cryopanels 

i n  t h i s  case, were a t  the  top  center  o f  the  d i v e r t o r  assembly and i n  t h e  gap . 

between TF c o i l s .  Th is  system was used as a model t o  analyze pumping requirements 

as a reference f o r  f u t u r e  des igns .  The geometry was s i m p l i f i e d  by p e s s i m i s t i c a l l y  

assuming t h a t  most o f  t he  hel ium ions  s t r i k e  near t he  f r o n t  end of  the  panels. 

Some f r a c t i o n  o f  t he  escaped neu t ra l  heliums w i l l  t r a v e l  through the  t i t a n i u m  

channel of average l eng th  L and the  ~ r / ~ l '  channel of average l e n g t h  a and en te r  

the cryopanel duct.  The o v e r a l l  f r e e  molecular  conductance o f  the  T i  and Z r / A l  
4 channels i n  se r i es  i s  approximately = 1.6 x 10 a/sec f o r  t he  dimensions 

used i n  the  present  conceptual design. The hel ium backstreaming r a t i o ,  FHey i s  

then approximately g iven by: 



@ FUSION 

T h i s  equat ion  c o r r e c t l y  p r e d i c t s  the maximum backstreaming r a t i o  which i s  

(1 - SI) = 0.4 when SA = 0. The minimum backstreaming r a t i o  which we can o b t a i n  
3 i s  0.16 f o r  S + -. For SA = 6 x 10 ~ / s e c  per  horn, the  backstreaming r a t i o  i s  

2 approximately 0.2. Th is  i m p l i e s  t h a t  a t o t a l  o f  32 m o f  cryopanel sur face i s  
2 needed, by us ing  a s p e c i f i c  speed f o r  hel ium o f  3.7 l i t e r l s e c  cm f o r  a 4.2 K 

c r y o s o r p t i o n  panel (45). The requirement i s  s t i l l  h igh  and ind i ca tes  t h a t  

f u r t h e r  o p t i m i z a t i o n  o f  t h e  system i s  necessary. 

Another impor tant  q u a n t i t y  i s  t h e  g e t t e r i n g  capac i t y  which can be est imated from 

t h e  s a t u r a t i o n  doses from t h e  a v a i l a b l e  data as l i s t e d  i n  Table 5-1. The p a r t i c l e  
(2)  leakage r a t e  o f  the  re ference plasma i s  approximately 5 x l o z 2  pa r t i c les /sec  . 

The p a r t i c l e  f l u x  imp ing ing on t h e  p a r t i c l e  c o l l e c t i n g  sur face i s  

19 2 r = 7.8 x 10 /m sec. 

22 2 The s a t u r a t i o n  dose f o r  hydrogen i n  a T i  g e t t e r  i s  10 /m . For a burn t ime o f  ' 

10 seconds . the  panel w i l l  reach s a t u r a t i o n  i n  approximately 13 pulses, i .e. ,  t he  

panel must be r e a c t i v a t e d  every 13 pulses, o r  about once an hour a t  design con- 

d i t i o n s .  

The opera t i ng  pressure f o r  t h i s  s o l i d  g e t t e r  system can be est imated as fo l l ows :  

f rom Table 2-1 the  throughput t o  the  d i v e r t o r  system i s  approximately 1500 t o r r  

l i t e r / s e c ; . ' t h e  p a r t i a l  pressure o f  hydrogen molecules i s  

= 1.4 x t o r r  ; 

and t h e  he l ium concent ra t ion  i s  about 2% o f  the  t o t a l  d i v e r t e d  p a r t i c l e s ;  t h e  

p a r t i a l  pressure o f  hel ium i s  

- Q x 0.02 x (1 - sl) 
- - - 12 

' ~ e  2 1.2 x 1 0 ' ~  t o r r ;  
'cry0 1.0 x l o 6  
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there fore ,  t he  t o t a l  opera t ion  'pressure i s  

'L 
P = 2.6 x t o r r .  

5.2.3 The.Erosion Problem 

The s p u t t e r i n g  c o e f f i c i e n t  f o r  t i t a n i u m  given i n  Table 5-1 i s  E = 0.01, then 

the  eros ion  r a t e  would be 

2  
= = 7.8 x 10'' x l o e 2  = 7.8 x 1 0 ~ ~ a t o m s / m  sec. s  

The l i f e t i m e  o f  the  panel can be est imated from 

where m i s  the  molecular  weight,  No i s  t he  Avogadro number, p i s  t he  dens i t y ,  

and 6 i s  t he  th ickness o f  t he  panel t h a t  i s  pe rm i t t ed  t o  be sput te red  away. 

Assuming 6 = 1  mm, we have 

7  = 7.3 x 10 sec 

= 845 days . 

Th is  i s  about 2.3 years and assumes c o n t i n u o u s ~ o p e r a t ~ i o n  of t he  divertor;i.e., 

a d u t y  c y c l e  o f  100%. For TNS and a duty  c y c l e  of 10% t h i s  panel l i f e t i m e  would 

be .23 years. 
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6.0 THE COMPARISON OF THE COLLECTOR METHODS 

The fea tures  o f  1  i q u i d  1  i thium , f i l m  and so l  i d  t i t a n i u m  .metal g e t t e r s  a re  compared 

as shown i n . T a b l e  .6-1. L i t h ium has the  advantage o f  being cont inuous ly  renewable; 

there fore ,  i t  can t o l e r a t e  h igher  power d e n s i t i e s  and p a r t i c l e  f l u x  and thus i s  

more s u i t a b l e  f o r  steady s t a t e  operat ion.  However, t he  1  i t h i u m  c i r c u l a t i n g  system 

i s  compl i ca ted  and the  he1 ium pumping i s  d i f f i c u l t .  The p r i n c i p a l  advantage o f  t h e  

s o l i d  g e t t e r  i s  t h a t  i t  has a  g rea te r  than 60% t rapp ing  e f f i c i e n c y  f o r  H: ions and 

i t  has a  very h igh  t rapp ing e f f i c i e n c y  f o r  hydrogen iso tope ions.  Therefore, t h e  

a u x i l i a r y  pumping,requirement i s  much reduced and more manageable. The system i s  

a l so  siinpl i f l e d .  However, the  g e t t e r i n g  capac i ty  i s  low and t h e  system has t o  be 

p e r i o d i c a l l y  reac t iva ted.  



TABLE 6-1 

MAJOR DESIGN 'FEATURES FOR LIQUID LITHIUM AND SOLID TITANIUM GETTERS c" 
E 
0 
z 

Col 1 e c t i  ng Surface Area 

Thermal Load 

Temperature 

Cool i n g  Method 

Pumping Requirement 

Number of Horns 

He1 ium Get ter ing  E f f i c i e n c y  

L i f e t i m e  

P a r t i c l e  Capacity 

T r  i ti um Recovery 
. . 

MHD E f f e c t  

L i  t h i  um 

+ + .  
Recirculated by E X B Pumps 

E = 3.6 V/m/Pump 

I = 27 kA/Pump 

1 Pump/Horn 

Power = 6 MW Tota l  

192 

Continuously Renewable 

L im i ted  by t h e  Mass Flow Rate 

Reprocessing Technology i s  n o t  
known and may be d i f f i c u l t  

The Charac te r i s t i cs  o f  Flowing 
L i th ium F i l m  i n  the  Magnetic 
'Fie1 d are  n o t  known 

Ti tanium 

20-280°C 

Water Cool ed 

Tota l  Water Fl,ow Rate 

= 2914 1 i t e r / s e c  

Q 23 Years With 1 rnm 
Thickness o f  T i  

L im i ted  by t h e  Sa tu ra t i on  Dose 

Released by Heating t o  
High Temperature 

No E f f e c t  
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I 
7.0 IMPACT ON TNS SIZE AND ECONOMY 

A sec t iona l  t r i m e t r i c  of t he  d i v e r t o r  assembly i s  shown i n  Figure 2-9. The cross- 

sec t iona l  view and a  sec t iona l  t r i m e t r i c  of . the  . o v e r a l l  compact p o l o i d a l  d i v e r t o r  

concept implemented f o r .  a  p a r t i c u l a r  TNS-4 r e a c t o r  i s  shown i n  Figure 7-1 and 7-2. 

Th is  p a r t i c u l a r  vers ion  of TNS employs superconducting NbgSn TF c o i  1  s. Ea r l  i e r  
discussions (Sect ion 2) have d e a l t  w i t h  TNS-3 which uses superconducting NbTi TF . . ' 

c o i l s .  TNS-4 i s  somewhat more amenable t o  the  i n c l u s i o n  o f  t h i s  d i v e r t o r  concept 

than i s  TNS-3, i n  fact ,  t he  d i v e r t o r  i s  accommodated w i t h i n  the  clearances a1 ready 

e x i s t i n g  i n  the  ' p a r t i c u l a r  p o i n t  design examined. Regardless o f  which c o i l  tech- 

nology i s  chosen, i t  appears t h a t  t he  compact d i v e r t o r  discussed i n  t h i s  t e x t  can be 

implemented w i t h  minimal impact 'on o v e r a l l  machine s i ze .  

The dot ted  areas i n  F igure 7-2 i nd i ca tes  the  l o c a t i o n  o f  s h i e l d i n g  provided t o  pro-  

t e c t  t he  TF c o i l s  aga ins t  d i r e c t  and scat te red neutrons and gamma rays. The broken 

l i n e s  i n d i c a t e  the  approximate boundaries o f  t he  f u l l y  developed D-shaped plasma. 

The arrowed l i n e s  w i t h  s p i r a l s  suggest the  motion of d i v e r t e d  charged p a r t i c l e s  

en te r ing  the  c o l l e c t o r  horns. De ta i l ed  neutron t ranspor t  c a l c u l a t i o n s  have n o t  

been performed f o r  t h i s  geometry; however, i t  appears .possible t o  prov ide  s u f f i c i e n t  

neutron sh ie ld ing  i n  the' space ava i l ab le .  
d 

The d i v e r t o r  cur rents ,  except the  e q u i l  i brium main ta in ing  cu r ren t  IEF-Ds are propor- 

t i o n a l  t o  the  t o r o i d a l  f i e l d  st rength;  thus, they can be run a t  steady s t a t e  s i m i l a r  

t o  the  TF c o i l s .  Whether l a r g e r  o r  smal ler  cur rents  are  requ i red  f o r  t h i s  p a r t i c u l a r  

d i v e r t o r  design i s  no t  conclus ive u ~ l e s s  s p e c i f i c  designs f o r  the  o the r  methods a re  

made f o r  comparison. However, t he  values o f  the  d i v e r t o r  cur rents  are very reason- 

able. 

Our p re l im ina ry  eva luat ion  i nd i ca tes  t h a t  t h i s  d i v e r t o r  adds l e s s  than 10% o f  t h e  

t o t a l  TNS cos t  which inc ludes hardware, t r i t i u m  handl ing, and the  coo l i ng  system f o r  

handl ing add i t i ona l  ohmic heat ing  i n  the  d i v e r t o r  c o i l s  i f  copper i s  assumed. No 
I a d d i t i o n a l  coo l ing-  system i s  requ i red  f o r  t he  thermal l oad  t o  the  d i v e r t o r  because 

. . 
t he  same amount o f  thermal power w i l l  go t o  the  1  i n e r  o r  f i r s t  wa l l  w i thou t  a  

divertor. Due t o  the  same reason, the  coo l i ng  system o f  t h e  1  i n e r  o r  f i r s t  w a l l  

w i l l  be much s i m p l i f i e d  and i s  reduced i n  cos t  when the  d i v e r t o r  i s  used. 



Figure - 1  Cross-sectional view of TNS-4 when the compact divertor is included. 
The TNS-4 was originally designed without a divertor. 
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Figure 7-2. Trimetri'c view of TNS-4 when the compact divertor is included. . . 

The TNS-4 was originally designed without a divertor. 
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8.0 SUMMARY AND CONCLUSIONS 

Th is  compact po lo ida l  d i v e r t o r  appears t o  be a v i a b l e  approach from t h e  eva lua t ion  

o f  the  major  aspects discussed' i n  t h i s  repo r t .  Th is  design makes economical use of 

t he  space i n s i d e  the  TF c o i l  a r ray  and provides f o r  a very l a r g e  p a r t i c l e  c o l l e c t i o n  

surface area which suggests the  f e a s i b i l i t y  o f  us ing s o l i d  metal c o l l e c t o r s .  Approx- 

imate ly  60% of hel ium ions  can be trapped by s o l i d  c o l l e c t o r s ;  henceforth, the  aux- 

il i a r y  pumping requirement f o r  he1 ium removal i s  g r e a t l y  reduced. 

We a l so  conclude t h a t  i f  ' t he  p a r t i c l e  unload and i m p u r i t y  s h i e l d i n g  e f f e c t s  of a 

po lo ida l  d i v e r t o r  can be demonstrated experimental l y  , t h i s  d i v e r t o r  design would 

o f fe r  excel 1 en t  o v e r a l l  c h a r a c t e r i s t i c s  as a p a r t i c l e  removing and power hand1 i ng 

device. Large p a r t i c l e  c o l l e c t i n g  sur face areas can be obta ined and thus the  power 

depos i t ion  and p a r t i c l e  f l u x  can be reduced t o  manageable l e v e l s .  Th is  design a l s o  

appears t o  be f e a s i b l e  from the engineer ing p o i n t  o f  view. The backstreaming of 

hel ium can be kept  a t  about 20%. 

I n  t h i s  repo r t ,  o n l y  the  major aspects o f  t he  d i v e r t o r  design issues r e l a t e d  t o  TNS 

have been scoped. Although t h i s  design i s  considered f e a s i b l e  and o f f e r s  an o v e r a l l  

answer t o  the  i m p u r i t y  c o n t r o l  and .ash' removal problems, f u r t h e r  work remains t o  be 

done. Some of t he  remaining design issues and experimental tasks are: 

0 The th ree  dimensional magnetic f i e l d  l i n e s  i n  the  d i v e r t o r  b u r i a l  

ct~d~~~ber. ueed t o  be ca l  c u l  ated; 

o I f  the  1 i t h i u m  g r a v i t y  f a l l  i s  found t o  be des i rab le ,  t h e o r e t i c a l  

and experimental s tud ies  o f  t he  c h a r a c t e r i s t i c s  of t h e  f ree  surface 

f i l m  i n  a s t rong magnetic f i e l d  should be c a r r i e d  out .  The free 
) 

sur face l i t h i u m  X B pumping i n  h igh  vacuum and magnetic f i e l d  has 

to be designed and tested;  

a L i th ium reprocessing technology has t o  be developed; 
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a A h igh  speed he l ium pumping device has t o  be developed, e s p e c i a l l y  3 
f o r  pumping a  m i x t u r e  o f  H and He; 

. a I f  the  s o l i d  g e t t e r  i s  found t o  be des i rab le ,  more ex tens ive  i n -  

fo rmat ion  on s t i c k i n g "  probabi 1  i ty, s p u t t e r i n g  y i e l d s  , and s a t u r a t i o n  

dose, as func t ions  o f  temperature and i o n  energy, have t o  be gathered. 

The i o n  g e t t e r  pumping method has t o  be improved f o r  achiev ing 

h igher  speed and capac i ty  and lower s p u t t e r i n g  y i e l d ;  

a More d e t a i l e d  component design has t o  be c a r r i e d  out;  

a Assembly, disassembly, and maintenance s tud ies '  have t o  be c a r r i e d  

out ;  

a T.he e f f e c t s  o f  p a r t i c l e  impingement on the  leading '  edges of t he  

d i v e r t o r ,  s t r u c t u r e s  must be evaluated t o  assure t h a t  l o c a l  thermal 

loads and s p u t t e r i n g  are no t  excessive.. 

The d i v e r t o r  engineer ing work performed t o  date has been very encouraging and i t  i s  

concluded t h a t  t he  remain ing d i v e r t o r  design issues f o r  TNS a re  n o t  of t he  GO/NO-GO 

v a r i e t y . ,  The compact p o l o i d a l  d i v e r t o r  concept seems genera l l y  app l i cab le  t o  

tokamaks; however, a d d i t i o n a l  work i s  requ i red  t o  f u l l y  e s t a b l i s h  the  ex t rapo la ta-  

b i l i t y  o f  t h e  concept t o  l o n g  pulse, h igh  duty  fac to r  power r e a c t o r  app l i ca t i ons .  
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APPEND1.X A 
+ + 

THE THEORY AND CALCULATIONAL METHOD FOR E X B PUMPS 

-% + 
The requirements for the design.of.an E X B pump system for pumping the liquid . : 

lithium out'of the burial chamber of the poloidal divertor has been discussed in 
Section 3.1. The theory for magnetohydrodynamic channel flow in an el.ectromag- 
netic field will be reviewed. The exact solutions for the pressure drop, velocity, 
and current distributions of the flow are obtained. The method of calculation to 
determine the size of the i X $ pump, the electric field, the current, and the 
power required for pumping the lithium out of the magnetic field is discussed. 

The motion of a conducting fluid in an electromagnetic field between two fixed 
boundaries as shown in Figure AA-1 is characterized by the magnetic Reynolds 
number and the Hartmann number (27,461 

( AA- 1 ) 

Here, a is the conductivity, 11, is the viscosity of the fluid, Bo is the transverse 
magnetic field, po is the permeability and 6 is the average velocity. For liquids - 
like mercury or sodium in the laboratory, Rm 1, and except for very high velo- 

cities, the field lines will diffuse relative to the fluid. If Rm >> 1, the field 

lines are frozen in the fluid. In the latter case the velocity of both fluid and 
-+ + 

lines of force is the E X B drift: 

As is shown by Figure AA-1, the magnetohydrodynamic flow be.tween boundaries with 
crossed electric and.magnetic fields is laminar if Ha 0. If Ha >> 1, the flow 
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F i g u r e  AA-1. V e l o c i t y  p r o f i  1  es f o r  l a r g e  and small Hartmann 
numbers, H. For H . +  0, laminar  f low gccuy;s. 
For H ;> 1,  the  f l o w  i s  given by t h e ' E  X b B . d r i f t  
v e l o c i t y ,  except i n  t h e  immediate neighborhood , .  

o f  t h e  boundaries. 
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-f + 
i s  c a l l e d  Hartmann f l ow and the v e l o c i t y  i s ,  .given by the  ,E X B d r i f t  a1 so,. except 

i n  the immediate neighborhood of the boundaries. The expressions f o r  v e l o c i t y  

d i s t r i b u t i o n  and the r e l a t i onsh ip  o f  the v e l o c i t y  and pressure grad ient  f o r  

~a r tmann  f l ow w i l l  be der ived as fo l lows.  

The channel geometry f o r  Hartmann f l ow i n  a uni form electromagnetic f i e l d  has 

been shown as Figure 3-1. For s imp l i f i ca t i on ,  the H a l l  e f f ec t ,  the end e f fec t ,  

and the secondary f l ow are neglected. The theory can be .extended t o  inc lude 

these e f fec ts  when such need i s  warranted. The s i m p l i f i e d  theory i s  adequate f o r  

the present study. 

The ve loc i t y ,  cur rent  dens i ty  , magnetic f i e 1  d, and e l e c t r i c  vectors are assumed 

t o  be: 

where Bo and Eo are  constant ex te rna l l y  app l ied f i e l d s .  The general e q u a t i o n s t o  

be solved are: 

+ 6~ con t i nu i t y  equation: v (pV) + = 0 
3 

(AA-9) 

dV = & + ; x i i + & + 7 , v Z 3  equation o f  motion: p a (AA-1 0) 
+ 

Maxwell equations: v x B = po j 

AA- 3 
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. and the  boundary condi t ion:  

Here, p i s  the dens i t y  and n. i s  the v i scos i t y  of t h e . f l u i d .  Assuming the f l u i d  

i s  incompressi ble, and neglect ing the displacement cu r ren t  and space charge, the 

Eqs. (AA-9, AA-12, AA-13., and AA-14) are  sat is f ied.  Eqs. ,(AA-8) and (AA-10) are 

reduced to:' 

and 

Wr i t i ng  Pz = - 6P - pg and combining Eqs. (AA-16) and (AA-17), one f i nds :  
6 Z 

Let- a '1 - u = -  - U ~ X  
-a 

whi,ch i s  a  measure of the mass f low. In t roduc ing the fo l low ing  dimensionless 

var iab les  : 
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Equation (AA-19) becomes '. , . 

w i t h  boundary cond i t ions o f  

The so lu t ion  f o r  U i s  found t o  be 

L 
. Ha cosh Ha . 

Taking,. the average value o f  U, one obtains the r e l a t i onsh ip  

R P 
e z = Ha 

Ha - tanh Ha 

Then, the v e l o c i t y  d i s t r i b u t i o n ,  Eq. (AA-23), becomes 

Ha (cosh H - cosh Ha X )  
. u  = a. 

. (AA-253. 
Ha cosh Ha - s inh Ha 

From Eq. (AA-186), the normalized cu r ren t  dens i ty  J = j 10 ' B ~  6 i s  simply 
Y Y 

. . 

J (X) = K -  U ( X ) .  (AA-26) 
Y 

The normalized cu r ren t  per u n i t  channel l eng th  f l ow ing  through the external  

c i r c u i t  i s  given by 
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The cha rac te r i s t i c s  and. the appl icat i .on of Eqs. (.AA-23 through AA-27). w i l l  be 
. . 

discussed i n  the next  secti,on. 

,Method o f  Calculat ion.  If the channel flow i s  Hartmann, the v e l o c i t y  d i s t r i b u t i o n  

given by Eq. (AA-25)  i s '  shown by the s o l i d  curve i n  Figure AA-2. The cur ren t  

d i s t r i b u t i o n  by Eq. (AA-26)  f o r  K = 2 i s  shown by the dashed curve. 

From Eq. (AA-24)  the  pressure gradient  can be w r i t t e n  as 

where Pm i s  the pressure drop f ac to r  due t o  magnetic v i scos i t y  and i s  

P = Ha 
m Ha - tanh Ha 

The normalized power dens i t y  can be w r i t t e n  as 

The averaged cur ren t  densi ty,  power density, and pressure gradient  are  p l o t t ed  

as. func t ions  o f  K i n  Figure AA-3.  We no t i ce  t h a t  PZ = J = W = 0 a t  K = 1. This 

corresponds t o  an open c i r c u i t .  The cur ren t  i s  p o s i t i v e  and i s  suppl ied by an 

externa l  power supply f o r  K > 1. This i s  the  case o f  an MHD accelerator  o r  pump 

where the pressure grad ient  i s  pos i t i ve .  The cur rent  i s  negative when K < 1 

and the channel can be used as a f low meter. 



Figure AA-2.  Velocity and current distribution 
for Hartmann flow, Ha >> 1. 
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Figure AA-3.  Current, power, and pressure distributions. 
. . .  
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