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ABSTRACT 

An i n tens i ve ,  year-1 ong, i n t e r n a t i o n a l  eval  u a t i o n  o f  t h e  nex t  ma jo r  

tokamak beyond t h e  genera t ion  o f  1  arge exper iments c u r r e n t l y  under 

c o n s t r u c t i o n  was c a r r i e d  ou t  d u r i n g  1979. Th i s  e v a l u a t i o n  cons i s ted  o f  

t h e  d e f i n i t i o n  o f  ob jec t i ves ,  an assessment o f  t h e  phys ics  and technology 

base and R and D needs and t h e  i d e n t i f i c a t i o n  o f  a  s e t  o f  parameters 

t h a t  phys ica l  l y .  c h a r a c t e r i z e  t h e  machine. 



1. INTRODUCTION 

The I n t e r n a t i o n a l  Bkamak Reactor  Workshop was he ld  under t h e  

auspices o f  t he  I A E A  d u r i n g  1979 t o  develop an i n t e r n a t i o n a l  consensus 

on the  ob jec t i ves ,  c h a r a c t e r i s t i c s ,  t echn i ca l  and s c i e n t i f i c  bas is ,  and 

f e a s i b i l i t y  o f  cons t ruc t i ng  t h e  nex t  ma jor  experiment i n  t he  tokamak 

program beyond t h e  nex t  generat ion o f  l a r g e  tokamaks (JET, JT-60, TFTR, 

T-15). S p e c i f i c a l l y ,  t h e  Workshop: 

(1 )  assessed the  plasma physics and techno log ica l  bases t h a t  now 

e x i s t  o r  cou ld  be expected t o  e x i s t  i n  t h e  e a r l y  1980s; 

(2 )  i d e n t i f i e d  .R and D requi rements t h a t  w i l l  no t  be met by  e x i s t i n g  

programs ; 

(3 )  de f ined  ob jec t i ves ;  

( 4 )  i d e n t i f i e d  a  p l a u s i b l e  se t  o f  phys ica l  c h a r a c t e r i s t i c s  t h a t  

a re  cons i s ten t  w i t h  t he  o b j e c t i v e s  and w i t h  t h e  pro jec ted  da ta  bases; 

and 

( 5 )  made a  recommendation on the  f e a s i b i l  i t y  o f  cons t ruc t i ng  such 

a  dev ice  t o  i n i t i a l l y  operate about 1990. 

P a r t i e s  t o  t h e  INTOR Workshop were t h e  European Community, Japan, 

t . h ~  Snv ie t  l ln inn and the  Un i ted  States.  Each p a r t y  was represented by 

f o u r  p a r t i c i p a n t s ,  who met together  f o u r  t imes ( f o r  a  t o t a l  o f  10 weeks) 

t o  d e f i n e  the  e f f o r t ,  t o  rev iew and d iscuss t h e  c o n t r i b u t i o n s  o f  t h e  

f o u r  p a r t i e s ,  and t o  prepare the  r e p o r t  [I] o f  t h e  Workshop. These 

p a r t i c i p a n t s  guided the  work o f  more than 100 sen io r  s c i e n t i s t s  and 

engineers i n  each p a r t i c i p a t i n g  count ry  working i n  t h e i r  home i n s t i t u -  

t i o n s  t o  develop m a t e r i a l  f o r  t he  Workshop. 



The INTOR Workshop concluded t h a t  [I] "A s u b s t a n t i a l  phys ics  and 

te6hnol  ogy da ta  base f o r  INTOR e x i s t s  today, and t h i s  da ta  base w i l l  be 

expanded over  t h e  nex t  few yea rs  by c u r r e n t l y  planned programs. 

However, c e r t a i n  c r u c i a l  i n f o r m a t i o n  wi 11 n o t  be developed by c u r r e n t l y  

p l  anned programs. Much o f  t h i s  m iss i ng  i n f o r m a t i o n  cou ld  be developed 

on t h e  INTOR t i m e  sca le  by t h e  expansion and/or a c c e l e r a t i o n  o f  e x i s t i n g  

R and D programs and by t h e  es tab l i shment  o f  new R and D programs. On 

t h i s  bas is ,  i t  i s  concluded t h a t  i t  i s  s c i e n t i f i c a l l y  and t e c h n o l o g i c a l l y  

f e a s i b l e  t o  undertake t h e  c o n s t r u c t i o n  o f  INTOR t o  i n i t i a l  l y  operate 

about 1990, p rov ided  t h a t  t h e  suppor t ing  R and D e f f o r t  i s  expanded 

immediate ly  t o  p rov ide  an adequate da ta  base w i t h i n  t he  n e x t  few years  

i n  a  number o f  impo r tan t  areas. Furthermore, i t  i s  concluded t h a t  t h e  

cons t ruc t i on .  o f  an INTOR-like dev i ce  t o  operate i n  t h e  e a r l y  1990s i s  

t h e  app rop r i a te  nex t  major  s t ep  i n  t h e  development o f  f u s i o n  power." 

The second phase o f  t h e  INTOR a c t i v i t y ,  an 18-month d e f i n i t i o n  

phase, began i n  January, 1980. The o b j e c t i v e  o f  t h e  d e f i n i t i o n  phase 

i s  t o  produce a  preconceptual  des ign  o f  INTOR. The i n i t i a l  focus o f  

t h i s  d e f i n i t i o n  phase i s  upon t h e  r e s o l u t i o n  o f  c e r t a i n  ma jo r  des ign  

i s sues  which were i d e n t i f i e d  d u r i n g  t h e  INTOR Workshop i n  1979. 

T h i s  paper summarizes t h e  o b j e c t i v e s  and c h a r a c t e r i s t i c s  o f  INTOR, 

t h e  assessment o f  t h e  da ta  base and R and D requi rements,  and t h e  major  

des ign  i ssues  t o  be reso lved.  

2. INTOR OBJECTIVES AND CHARACTERISTICS 

2.1. Ob jec t i ves  

If successful ,  t h e  nex t  genera t ion  o f  tokamak exper iments  (JT-60, 

TFTR, JET and T-15) w i l l  p rov ide  f a i r l y  conc lus i ve  i n f o r m a t i o n  on how 



t o  achieve i g n i t i o n  plasma parameters. The establ ishment  and sus ta in -  

ment o f  a burn ing D-T plasma seems, t he re fo re ,  i n  p r a c t i c a l  reach. I n  

o rder  t o  meet t h e  requirements o f  f u s i o n  r e a c t o r  operat ion,  c e r t a i n  

techno log ies  used i n  prev ious experiments f o r  heat ing  and ma in ta in ing  

the  plasma must e i t h e r  be s i g n i f i c a n t l y  advanced o r  replaced by new 

technologies. I n  add i t i on ,  f u s i o n  power demonstrat ion r e q u i r e s  the  

devel opment and demonstrat ion o f  new technol  ogy f o r  triti um and e l  e c t r i -  

c i t y  p roduc t ion  by fus ion ,  t h e  development and t e s t i n g  o f  ma te r i a l s ,  t he  

development o f  r e l i a b l e  components, t h e  demonstrat ion o f  n e t  e l e c t r i c i t y  

p roduc t ion  and ne t  t r i t i u m  breeding and the  demonstrat ion o f  r e l i a b l e  

and economic opera t ion  o f  a f u s i o n  reac tor .  

Th i s  agenda se ts  an urgent  need f o r  a machine t h a t  demonstrates the  

plasma physics requ i red  f o r  f u s i o n  power' and t h a t  prov ides f o r  t he  

development, t e s t i n g  and, t o  some ex ten t ,  demonstrat ion o f  t h e  requ i red  

technologies.  INTOR i s  in tended t o  f u l f i l l  these tasks. I n  p a r t i c u l a r ,  

INTOR must develop t h e  techno log ies  needed f o r  a f u s i o n  power demonstra- 

t i o n  reac to r  (DEMO), which would then demonstrate ne t  e l e c t r i c a l  power, 

t r i t i u m  breeding and economic f e a s i b i l i t y .  INTOR should be o f  t he  

tokamak type  s ince  t h e  data base i s  l a r g e s t  and t h e  stage o f  development 

i s  most advanced f o r  t h i s  confinement concept and s ince  the  gross charac- 

t e r i  s t i c s  o f  t h e  technol og ies t o  be developed f o r  magnetic confinement 

f u s i o n  a re  re1 a t i v e l y  independent o f  t h e  cho ice  o f  confinement concept. 

These cons idera t ions  l e d  t o  t h e  f o l l o w i n g  programmatic o b j e c t i v e s  f o r  

I NTOR : 

(1) INTOR should be the  maximum reasonable s tep  beyond the  nex t  

generat ion o f  l a r g e  tokamaks (TFTR, JET, JT-60, T-15) i n  t h e  wor ld  

f u s i o n  program. 



( 2 )  INTOR should demonstrate t h e  plasma phys ics  requi rements f o r  

DEMO. 

( 3 )  INTOR shou ld  demonstrate those technol  og ies  r e q u i r e d  f o r  DEMO 

t h a t  must be i nco rpo ra ted  as an i n t r i n s i c  p a r t  o f  t h e  r e a c t o r  (e.g. 

superconduct ing magnets, remote hand1 i n g  techno l  ogy) . 
( 4 )  INTOR should be a t e s t  f a c i l i t y  f o r  b l anke t ,  t r i t i u m  produc t ion ,  

p l  asma engineer ing,  m a t e r i a l  s and o the r  techno l  ogy developments r e q u i r e d  

f o r  DEMO. 

( 5 )  INTOR should serve as a t e s t  and demonstrat ion f a c i l i t y  f o r  

magnet ic f u s i o n  technology i n  genera l .  

( 6 )  INTOR should demonstrate t h e  re1  i a b l e  ope ra t i on  o f  a f u s i o n  

reac to r .  

The t e c h n i c a l  o b j e c t i v e s  o f  INTOR t h e n  f o l l o w  f r om t h e  programmatic 

o b j e c t i v e s  and t h e  phys ics  and t echno log i ca l  da ta  base. These objec-  

t i v e s  a r e  g i ven  i n  Table 1. 

2.2. C h a r a c t e r i s t i c s  

The concept f o r  a machine t h a t  i s  capable o f  meet ing t h e  t e c h n i c a l  

o b j e c t i v e s  o f  INTOR and t h a t  i s  supported by t h e  da ta  base assessment 

has been devel oped by t h e  Workshop. The concept recommended as i n p u t  

f o r  t h e  d e f i n i t i o n  phase i s  cha rac te r i zed  by  a r e l a t i v e l y  l a r g e  

3 ( 4 8 0  m ) D-shaped plasma heated t o  i g n i t i o n  by  n e u t r a l  beam i n j e c t i o n  

power o f  about 75 MW f o r  5-6 s up t o  a mean temperature o f  about 10 keV. 

C o n t r o l l e d  burn should then  be achieved f o r  more than  100 s a t  a plasma- 

to-magnet ic pressure r a t i o  <B> = 5%, which i s  m a r g i n a l l y  s t a b l e  t heo re t -  

i c a l l y .  A d i v e r t o r  i s  needed t o  exhaust he l ium and c o n t r o l  i m p u r i t y  

i n f l u x  i n  o rde r  t o  ach ieve t h i s  l o n g  o f  a burn. The plasma c u r r e n t  w i l l  

exceed 6 MA, which i s  q u i t e  s u f f i c i e n t  t o  c o n f i n e  f a s t  a1 pha -pa r t i c l es .  



Table 1 
INTOR Technical  Ob jec t i ves  

I. Reactor-Re1 evant Mode o f  Operat i  on 

a) I g n i t i o n  o f  a D-T plasma. 

b)  Con t ro l l ed  > 100 sec burn  pulse. 

2 
c )  Reactor- level  p a r t i c l e  and heat f l u x e s  (Pn & 1 MW/m ). 

d )  Duty Cycle &, 70%. 

a )  Superconducti ng t o r o i d a l  and pol o i d a l  c o i l  technol  ogy. 

b )  Plasma c.omposit ion c o n t r o l  (e.g. d i v e r t o r )  technol  ogy. 

c )  P l  asma power bal  ance c o n t r o l  technol ogy. 

' d )  Plasma heat ing  and f u e l i n g  technology., 

e )  T r i  t i  um f u e l  cyc le  technol  ogy ( e x c l  uding breeding and e x t r a c t i o n ) .  

f )  Remote maintenance technol  ogy. 

g) Vacuum technol ogy. 

h )  Fusion power c y c l e  technology. 

111. Engineering Test F a c i l i t y  

a)  T r i  t i  um breeding b l  anket and e x t r a c t i o n  technol  ogy t e s t i n g .  

I>) Advar~ced s l r ~ u c t u r a l  and breeding ma te r i a l s ,  coolants,  et.c. 

c )  Bl anket technol  ogy f o r  simul taneous e l e c t r i c i t y  p roduc t ion  and 

triti um breeding. 

d) Ma te r i a l  s t e s t i n g .  

e)  Advanced p l  asma engineer ing technol  ogy t e s t i n g .  

I V. Demonstration 

a)  E l e c t r i c i t y  p roduc t ion  by fus ion .  

b)  T r i t i u m  produc t ion  by fus ion.  

c )  Safe and r e l i a b l e  opera t ion  o f  a f u s i o n  reac tor .  

d)  A v a i l a b i l  i t y  ~ 2 5  - 50%. 



Both the  t o r o i d a l  and external  po lo ida l  f i e l d  c o i l  s w i l l  be super- 

conducting. INTOR w i  11 r e q u i r e  about 200 MWe power. The neutron power 

load on the  f i r s t - w a l l  w i l l  be about 1.3 M W / ~ '  ( w i t h  an o p t i o n  a t  1.6 

2 MW/m ), and the  t o t a l  fus ion power w i l l  be about 620 MWt. A s ta in less -  

s tee l ,  water-cooled s h i e l d  opera t ing  w i t h  r e l a t i v e l y  low (100-200°C) 

maximum s t r u c t u r a l  temperature w i  11 be employed on the bas ic  machine. 

The major  suggested parameters f o r  INTOR a r e  g iven i n  Table 2. 

Since a p r i n c i p a l  f u n c t i o n  o f  INTOR i s  t o  demonstrate the  feas i -  

b i l  i t y  o f  reac to r  components and t o  serve as a t e s t  f a c i l  i t y  f o r  

technol ogy devel opment , simp1 i c i  t y  and re1 i a b i l  i t y  o f  t h e  bas ic  machine 

a re  o f  t h e  utmost importance, even i f  t h i s  i s  i n  c o n f l i c t  w i t h  c e r t a i n  

aspects o f  reactor-relevance. The techn ica l  f e a s i  b i l  i t y  o f  INTOR i s 

then i n t i m a t e l y  r e l a t e d  no t  o n l y  t o  the  support ing technology development 

programs but  a1 so t o  the manner i n  which each technol ogy i s  incorporated 
/ 

i n t o  INTOR. 

Cer ta in  reactor- re1 evant technol ogies must be incorporated as 

i n t r i n s i c  - not  e a s i l y  rep l  aceable - components (e.g. superconducting 

magnets, remote hand1 i n g  system) i n  o rder  t o  be tes ted  i n  INTOR. These 

technol ogies must be developed t o  a h igh  l e v e l  p r i o r  t o  t h e  cons t ruc t i on  

o f  INTOR, s ince  f a i l u r e  o f  such i n t r i n s i c  components would cause INTOR 

e i t h e r  t o  f a i l  o r  t o  be s i g n i f i c a n t l y  delayed i n  achiev ing any o f  i t s  

ob jec t i ves .  For such i n t r i n s i c  technol ogies, INTOR w i  11 demonstrate an 

a1 ready-devel oped technol ogy i n  a f u s i o n  r e a c t o r  environment. 

With c e r t a i n  o ther  reac tor - re1  evant technol ogies (e.g. e l e c t r i c i t y  

and tri t i  um producing b l  anket) , the re  e x i s t s  t h e  op t i on  o f  i nco rpo ra t i on  

as i n t r i n s i c  components o r  as re1 a t i v e l y  e a s i l y  r e p l  aceabl e t e s t  

culr~punents. I n c l  us lon o f  a new technology as an i n t r i n s i c  component a t  



Tab le  2 
INTOR Suggested Parameters 

Ma jo r  rad ius ,  R (mj 

Plasma rad ius ,  a  (m) 

Chamber rad ius ,  rw (m) 

E l  ongat ion,  K 

Burn t i m e  ( s )  

Duty  c y c l e  (%)  

Burn average <B> (%) 

Av. DT d e n s i t y  <ni> (m-3) 

Av. i o n  temperature <Ti> (keV) 

Plasma c u r r e n t ,  I (MA) 

DT thermal power, Pth (MW) 

2 Neutron w a l l  load,  Pn (MW/m ) 

L i f e t i m e  (no. o f  burn  pu lses)  

NB hea t i ng  power, P$ (MW) 

NB energy, EB (keV) 

Fuel i n g  

I m p u r i t y  c o n t r o l  

To ro ida l  f i e l d  c o i l  s  

To ro ida l  f i e l d  a t  cen te r1  i ne ,  B ( T )  

Pol  o i d a l  f i e l d  c o i l  s  

T r i t i u m  i n v e n t o r y  ( kg )  

Maximum a v a i l a b i l  i t y  (%) 

T r i t i u m  consumption d u r i n g  Stage I1 ( k g / y r )  

p e l l e t ,  gas p u f f i n g  

d i  v e r t o r  

NbTi and/or Nb3Sn 

5.5 

NbTi 

3  

a) For  1.6 MW/,~P op t ion .  



t h e  o u t s e t  p laces a  g r e a t e r  demand upon t h e  development program support-  

i n g  t h a t  technology and e n t a i l s  an increased r i s k  t h a t  f a i l u r e  o f  t h a t  

component w i l l  cause INTOR t o  f a i l  o r  t o  be s i g n i f i c a n t l y  de layed i n  

ach iev ing  any o f  i t s  ob jec t i ves .  On t h e  o t h e r  hand, i n c l u s i o n  o f  a  new 

technology as a  t e s t  component t h a t  cou ld  be i n s e r t e d  a f t e r  INTOR had 

operated f o r  some t i m e  and t h a t  cou ld  be r e l a t i v e l y  e a s i l y  rep laced  

p laces l e s s  o f  a  demand upon t h e  suppor t ing  development program and 

e n t a i l  s  cons ide rab l y  l e s s  r i s k  t h a t  component f a i l  u r e  w i l l  s i g n i f i c a n t l y  

d e l a y  INTOR i n  ach iev ing  i t s  o t h e r  ob jec t i ves .  A f u r t h e r  advantage o f  

i n c l u s i o n  o f  a  new techno l  ogy i n  t e s t  components i s t h a t  INTOR can serve 

as a  t e s t  bed f o r  t h e  development o f  t h a t  technology,  w i t h  success ive ly  

improved t e s t  components be ing  t e s t e d  i n  INTOR. 

The ph i losophy  o f  INTOR i s  t o  m in im ize  t h e  r i s k  o f  f a i l u r e  and t h e  

demands upon t h e  suppor t ing  technology development programs by  i n c l u d i n g  

new techno log ies  i n  t e s t  components t o  t h e  maximum e x t e n t  t h a t  i s  

cons i  s t e n t  w i t h  ach iev ing  t h e  programmatic and t echn i ca l  ob jec t i ves .  

T h i s  ph i losophy  1  eads t o  t h e  concept o f  staged opera t ion ,  w i t h  t h e  poss i -  

b i l  i t y  o f  i n c o r p o r a t i n g  some o f  t h e  t echno log ies  t h a t  have been t e s t e d  

i n  t e s t  components d u r i n g  an e a r l y  s tage i n t o  i n t r i n s i c  components d u r i n g  

t h e  l a s t  stage i n  o r d e r  t o  p rov ide  a f u l l - s c a l e  eng ineer ing  demonstrat ion. 

The o b j e c t i v e s  o f  INTOR c o u l d  bes t  be achieved i n  a  sequent ia l  o rde r  

by staged operat ion.  Dur ing Stage I, which m igh t  encompass t h e  f i r s t  

t h r e e  years  o f  INTOR opera t ion ,  t h e  f i r s t  two se t s  o f  t e c h n i c a l  ob jec-  

t i v e s  l i s t e d  i n  Table 1 would be achieved, i .e., a  r e a c t o r - r e l e v a n t  mode 

o f  ope ra t i on  would be es tab l i shed  and some i n t r i n s i c  r e a c t o r - r e l e v a n t  

technol  og ies  would be demonstrated. The p roduc t i on  o f  5-10MWe i n  non- 

b reed ing  b l a n k e t  modules cou ld  be achieved towards t h e  end o f  t h i s  f i r s t  

stage. 



Stage 11, which would encompass t h e  f o l l o w i n g  f o u r  years, would then 

be f u l l y  devoted t o  engineer ing t e s t i n g ,  w i t h  an a v a i l  a b i l  i t y  goal o f  

~ 2 5 % .  This  would i nc lude  t h e  t e s t i n g  o f  b lanket  modules, o f  tritium 

produc t ion  and e x t r a c t i o n ,  o f  p l  asma engineer ing techno1 og ies  (e.g. rf 

launchers) ,  and o f  m a t e r i a l s  p rope r t i es .  An impor tan t  c r i t e r i o n  f o r  

INTOR d u r i n g  t h i s  stage i s  t o  p rov ide  s u f f i c i e n t  f l e x i b i l i t y  t o  accomo- 

date a  v a r i e t y  o f  experimental  programs -a t  t h e  same time. Th i s  would 

a1 1  ow t h e  simultaneous t e s t i n g  o f  var ious  b lanke t  concepts, w i t h  

d i f f e r e n t  s t r u c t u r a l  and breeding m a t e r i a l  s, cool an ts  and design concepts, 

t oge the r  w i t h  t h e  t e s t i n g  o f  plasma engineer ing technologies.  The 

re1 i a b i l  i t y  o f  many components would be tes ted  du r i ng  t h i s  stage, and 

improved components cou ld  be i n s t a l  l e d  i n  some instances. High tempera- 

t u r e  cool an ts  from tri t i  um-producing b l  anket modul es cou ld  a1 so be used 

t o  demonstrate simultaneous e l e c t r i c i t y  p roduc t ion  and t r i t i u m  product ion. 

Stage I 1 1  o f  INTOR ope ra t i on  would be determined by t h e  cho ice  o f  

a1 t e r n a t i v e s  f o r  t h e  u t i l  i z a t i o n  o f  t h e  machine and would be o f  5  years  

o r  more dura t ion .  I n  o p t i o n  111-A, s tage I 1 1  would 'be a, s t r a i g h t f o r w a r d  

c o n t i n u a t i o n  o f  stage I 1  w i t h  accelerated engineer ing t e s t i n g  i n  t e s t  

modules. There would a1 so be a s t rong  emphasis on achiev ing t h e  h ighest  

poss ib le  a v a i l a b i l  i t y  ( ~ 5 0 % )  and on opera t ing  a t  a  h igh  neut ron  w a l l  

2  l oad  (1.6 MWIm ) t o  accumulate a  s i g n i f i c a n t  neutron f l  uence f o r  

m a t e r i a l s  i r r a d i a t i o n  t e s t i n g  and t o  t e s t  component re1 i a b i l  i ty.  Th is  

o p t i o n  would a1 1  ow f o r  the  un in te r rup ted  c o n t i n u a t i o n  o f  engineer ing 

t e s t i n g  i n  INTOR, b u t  would be demanding o f  component r e l i a b i l i t y  and 

redundancy. 

Opt ion  111-B would be pred ica ted  upon t h e  assumption t h a t  t h e  mani- 

f o l d  engineer ing c o n s t r a i n t s  make i t  necessary t o  p a r t i a l  l y  r e b u i l d  the  



machine t o  t e s t  a  f u l l  b l  anket sec tor  be fore  a  concept can be appl i e d  t o  

DEMO. I n  the  extreme, o p t i o n  111-B cou ld  be expanded t o  a l l o w  a  f u l l  

b l anke t  rep1 acement (p robab ly  exc l  uding the  inboard p a r t )  , which would 

f o r  t he  demonstrat ion o f  subs tan t i a l  t r i t i u m  (kg l e v e l )  and 

e l e c t r i c i t y  (100 MWe l e v e l )  p roduc t ion  i n  a  reac to r - re levan t  way. The 

s e l e c t i o n  between t h e  op t i ons  A  and B  f o r  stage I 1 1  can be made a t  a  

l a t e r  t ime, provided t h e  design o f  INTOR o f f e r s  a  h igh  enough 

modu lar iza t ion  and f l e x i b i l i t y  f o r  keeping t h e  choices open. 

3. PHYSICS 

3.1. Physics Status Assessment 

For the parameter range of present-day tokamak devices, 

there is a well-documented experimental data base on energy 

confinement. The overall energy confinement time rE is 

found to obey an empirical scaling law of the form 

-19 - TE(s) = 5 X 10 2 ne ( ~ m - ~ )  a (,cm) , with the dominant 

losses occurring through anomalous (,i.e., non-.classical) cross- 

field electron thermal transport. Ion thermal transport is 

found to be within a factor of about -f&ifee'-' ' of classical 

predictions. Uncertanties exist in the extrapolation of these 

scaling laws to the high-temperature regime to be reached in 

I N T n R .  In pa-rticular, there are sound theoretical reasons for , -. 
expecting some degradati0n.h . . confinement at high temperature; 

however, the highest-temperature experiment's to date (notably 

in the PLT tokamak) have given some indications of a slight 

improvemefi!ntt in confinement with rising temperature. . Additional 

experiments in present tokamak facilities with high-power -- -- - 7 .  -- . . . 



* .. 

neutral-beam heating, as well as the next generation of tokamaks, 

will extend the data base on confinement further toward the 

INTOR regime in the early--to-mid 19 80S.-;; 

As part of the data-base assessment, each of the partici- 

pating countries carried out studies of the requirements for 

reaching ignition in INTOR, on the basis of one-dimensional 

transport codes which model in some detail the particle and . 
. . 

energy balance in a tokamak. Adopting a model for electron 

.thermal transport based on the empirical scaling law' for energy 
. - 

confinement discussed above, and assuming ion thermal transport 

three times larger -than1 classical, it was found that ignition" .,*,. 

could be achieved in a pure DT plasma of minor radius in the 

midplane a = 1.2m, vertical elongation factor .K,= 1.6, and field 

strength B = 5.OT on axis. (The final suggested parameters, 

namely a = 1.3m and B = 5.5T, represent about 60% better nTE 

capability at fixed 8 . )  Some typical results of these calcula- 

tions are shown in Fig. l,,for the case where the plasma is 

heated to ignition by 6.OMW of neutral beam power at 150-200 keV 

energy injected nearly perpendicular.to th.e main magnetic field. 

Shown in the figure are the value of < f3 > - 8n <p>/~2 at 
ignition, and the heating pulse t required, for a range'of 

ig 
relevant plasma densities < n  >. (The final suggested parameters e . . 

of the neutral beam system, namely 75 MW .at. 175'kev.-with a i0 s'ec 

pulse length capability, represent some increment above the 

minimum theoretical requirements.) 

& 



Figure 1 shows that ignition occurs at <- -6 - >  - -4%, a. value . - .  - - - 7 -  

that includes contributionsltoEhe~pressure from beam ions and 

alpha particles. The pLasma temperature and < 6 > - value rise 
during the burn phase, due to the increase in reaction rate with 

increasing temperature, until some mechanism of burn control 

becomes effective. Over a fairly broad range of relevant tem- 

peratures, the neutron wall loading that can be achieved in the --- 
2 4 burn phase is proportional to 6 B a. For INTOR, assuming 

parabolic density and temperature profiles, and taking B = 5 . 5 ~ ~  I 
a burn-phase value < 6 > = 5% (including a contribution of 1.5% I 
£ram fast alpha particles and thermalized helium) provides the I 

2 minimum specified neutron wall loading of 1.3 MW/m . Theoretical ! 

I 
limitations on < B >,, arising from pressure-driven MHD "ballQoning!l ' 
and ".k.inkU instabilities, permit stable equilibria at least up 

I 

to < B'> = 4%, with < B > - 4.5% probably attainable with fully 
I 

optimized prefiles. Thus, in its burn phase, it seems likely 

that INTOR will operate slightly into the th.eoret'ically7 

unstable regime, a regime that has already apparently been 

attained in t h e  TSX-B and T-11 tokamaks. High-power injection 

experiments will explore the < '  B > - limits in D-shaped plasma 

cross-sections (i.e., configurations similar to those planned I 
for INTOR). in . the~~early 19 80s. :;", - 

Adequate control- nf t-he shape of the plasma equilibrium can b 
i 

be provided by a poloidal field design in which most, if not 

all, poloidal field coils are exterior to the toroidal field 

coils, (a configuration that has considerable advantages from 



. - 
I 

.I the point of view of assembly, disassembly, and maintenance).,. 

Such a poloidal field design can- also provide feedback'co.ntro1 

! 
of the instability in which the plasma column as a whole tends 

to be displaced vertically, provided the growth. ti.me,'of.,such a 

mode is lengthened to at least 20msec. by eddy currents induced 

.in the blanket/shield structure, as seems likely to be the case. , 

Neutral-beam injection was selected as the primary heating 

option for INTOR, although the injectors required' represent 

a significant step beyond those that are being developed for. 
$' 

the TFTR-generation of de.vices, as indicated in Table 3 .  
, 

In particular, to achieve pulse lengths of 10 secs, it will 

probably be necessary to develop direct recovery,systems (i.e., 

recovering the energy of the unneutralized.beam ions), both to 

achieve an acceptable overall power efficiency, and to minimize 

power handling requirements on the ion beam &mp. 

RF heating will be retained as'an alternative to neutral 

beam heating.in INTOR, because of its pot-ential for technological 

advantages that will become even more impo.rtant in a commercial 

reactor. At the minimum, provision should be made for the 

testing in the reactor environment that will be present in INTOR 

of whatever RF technique is most successful in forthcoming 
4 - -- -.- - 

-megawatt-level RF' experiinents -.- on present tokamaks. Provision o f 7  - __ __- _ _ _ -  _ 

supplemental auxiliary RF heating at the 5-10 MW level (especially 

electron cyclotron heating at about 140 G H z )  might be necessary 

. in the start up phase. 
c -  



Table 3 
Neutra l  Beams f o r  INTOR Compared w i t h  t he  
4 i 3 n j e c t o r  TFTR System 

, '*Plus a capability to restart 10 MW during the burn. . 
I 

- -  - . --- - -  
7 r . . . - - 

I 
) - ,  

1 

' 1  
* 

, 

0 
- 

INTOR 
a- 

- 7 -. 
175 

75  

lo* 
rJ  - 0.9 

- 0.8 
A 

-60 

- 30 
- 2.5 

- 

- 

TFTR . 
- 

120 

33 

1.5 

0.85 

0.76 

0 

36 

3.0 

, 

-- - - .- - - -- - - -- 
P 
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Beam Energy (keV) 

~eutkal Beam 'Power (Mw) 

Pulse Length Capability (secs) 
\ 

Monatomic Ion Fraction 

Full Energy Fraction of NB Power 

Direct Recovery Efficiency ( % )  

Overall Power Efficiency ( % )  

2 Power Density at Port (kW/cm ) 



?he start-up phase of INTOR is illustrated (very schemati- 

cally) in Fig. 2. Computer'calculations, calibrated against 

present-day experimental results, show that purely-ohmic start- 
. . 

up in INTOR can be accomplished at low density (and very low 

impurity level) with a peak one-turn voltage around the plasma 

of only 100 volts, but such a voltage is about the limit of 

what can be provided by a superconducting induction coil of 

dimension constrained by the overall dimensionsclof INTOR,-,and 

consistent with known limits on at the coil. Thus, there is 

considerable incentive for lowering the start-up voltage by 

auxiliary electron cyclotron heating applied for the first 

approximately lOOmsec as indicated in Fig. 2, provided this 

does not inhibit current penetration into theLpgasma>aby, 

exacerbating the skin effect. 

Control of the plasma density, density profile, and species 

mix, to ensure a roughly 50 : 50 DT plasma will be important in 

INTOR. The optimum path to ignition (the "variable density - 

start-up" case shown in Fig. 1) involves neutral beam heating 

- 3  
of a target plasma with density < ne , - 7 x 1013 cm (beginning 

at ,t - 5 secs in Fig. 2), and then increasing the density to 
< n > - 1.4 x 1014 cm-3 by the end of the heating pulse when e 

ignition occurs (t -10 secs in Fig. 2). In fact, the injected 

beam will themselves provide essentially all of this 

density increase, alLhough these particles will be entirely 

deuterium. Thus, the target must be almost entirely 

tritium. On the basis of an empirical law characterizing 
L 

present-day experiments, the maximum density achievable in - - 



ohmically heated plasmas with INTOR parameters is expected to 

be < ne > - 3  x 10 l3 ~ m ' ~  , substantially short of the density 

< ne 
> - 7 x 1013 cm-3 required at the beginning of the neutral 

beam pulse to prevent excessive "shine-through" of 150-200 keV 

. .* 
beams. Thus, it may be necessary to apply some further auxiliary 

. . 
heating (shown from t - 3 secs to t - 5 secs in.Fig. 2), such 
as an additional lower-energy injector or an RF system (electron 

cyclotron heating would be especially attractive), during a 

phase in which the tritium density is increased substantially, 

before the main heating pulse begins. 

The requirement to confj,ne' energetic ions (thermal ions, 

beam ions, and alpha-particles) imposes severe requirements on 

. - -  . the exact degree of axisymrnetry of the toroidal confining field, 

i.e., on the "field ripple" that necessarily arises due to the 

discrete toroidal field coils.' Moreover, our understanding <of- 

the physical loss processes associated with field ripple is 

still evolving. Wit.h respect to confinerncnt of thermal ions, 

it seems that the INTOR requirements (specifically, that the 

ripple contributions to cross-field ion thermal conductivity 

should not exceed about three times the 'class.i.cal~thermal 

conductivity)( can be met by a 12-coil toroidal field system 

with coils of 8m horizontal bore and 10m vertical bore.. Coils 

of about this size are needed, in any case, for accessibili&y 

reasons. The effect of the ripple on.beam ion confinement is 

e - -  

less clear, but preliminary calculations indicate that ripple 
. - 



a losses could exceed 15% of the injected beam energy, unless 

the injector is inclined at an angle of at least 15'. to the 

perpendicular. 

If the field ripple could be adjusted upward (to about 1.2%, 

peak-to-average, at the plasma edge), it would provide a sig- 

nificant mechanism for energy loss, and one that increases 

sharply with increasing temperature. Accordingly, variable 

field ripple could provide an attractive technique for "burn 

control", i .-e. , for preven.tiny. "runaway" of th.e plasma temper-. 

ature due to the increase in reaction rate with increasing 

temperature. Alternatively, one could operate in a non-ignited 

(but very high Q) mode, with the burn controlled by control of 
. . 

the input power. 

Present-day tokamaks are subject to plasma "disruptions", 

in which the plasma energy is dumped rather suddenly upon the 

vacuum vessel, and the plasma current is transferred either to 

the vacuum vessel or to nearby poloidal field coils. Disruptions 

occur most frequently when the discharge parameters (density 

and q-value) are pushed toward.their limits. However, even in 

"disruption-free" modes of operation, there is a finite prob- 

ability of a disruption occurring, typ,ically of order 

but varying from facilit-y to facility. In recent years, there 

has evolved a rather good physical understanding of the processes 

that lead to a disruption. Specifically, the plasma current 

profile is believed to evolve to one that is unstable to several 

resistive MHD modes, which interact w.i.t.h each other in a way 



that quickly destroys confinement.. In INTOR, plasma disruptions , 
- - 

will produce very severe thermal loads upon the first-wall/ 

limiter/divertor-plate, as well as severe electro-mechanical 

effects. Active magnetic feedback of the precursor MHD modes 

is theoretically possible, but theneeded feedback coi.ls, close 

to the plasma, would present very severe practical difficulties 

in' an INTOR-1ike.reactor environment. However, by appropriate 

observations of the magnetic perturbations associated with the 

precursor modes, it may be possible in a very large device such 

as INTOR to anticipate a disruption in sufficient time to take 

effective counter-measures against the consequences of the 

disruption, e.g., by' inserting some sacrificial limiter to pro- - 
- * ' 
tebt the main ;imiter-and/or bii-kt-&~ll* coating. ~lcertAifily, 

of the main objectives of the initial stage of INTOR operation 

- will be to learn how to operate in a mode that minimizes the . 

occurrence of disruptions, in the hope that the disruption prob- 

ability can be reduced to of order in the later engineering- 

test stages. 

Impurities represent the most serious threat to the achieve- 

ment of ignition and a long burn pulse in INTOR, since the 

surface heat load on the first-wall and/or limiter Grill  be much 

higher than in present-day tokamaks,. .Even a very slight con- 

tamination of the plasma by partially-stripped high-Z impurity 

ions leads to substantial radiation losses, and contamination 

8 
by low-Z impurity ions at levels typical of many present-day 

tokamaks leads to severe depletion of the reacting DT fuel, at 
- - -- - . -- 



fixed 6.' Moreover, if the helium produced by the DT ,reactions 

is all retained in the plasma, the burn in INTOR will be quenched 

after about 30 secs, unless the < f 3 ' >  - value can increase 

significantly above 6%. Although several non-divertor sch.ernes for 

impurity control were proposed (and should be investigated'..,, 

further) the INTOR Workshop was unanimous in recommending that 

some type of magnetic divertor be incorporated into INTOR. 

It is important to understand the functions that a divertor 

is intended to perform in a tokamak reactor such as INTOR. First, 

as we have seen, the divertor must exhaust helium at the same 

rate that it is created by fusion reactions. However, for the 

expected helium particle confinement'time 'of about 2 secs, only 

about 10% of the helium that recycles at the edge of the plasma 

must be pumped away, to maintain an acceptable level of helium 

contamination. Second, the divertor!! should remove a large 

fraction of the power which would otherwise be deposited on a 

limiter, thus protecting the plasma from impurities generated 

at the limiter. Divertors can, in principle, also provide for 

exhaust of DT ions. However, to achieve an acceptable burn-up 

of the tritium fuel in a reactor :tokamak such as INTOR,.'-it is 

desirable for the DT neutrals to recycle back from the divertor 

to the main plasma chamber. In this case, it will not be pos- 

sible'to prevent bonbardment of the first wall by energetic DT 

neutrals produced by charge exchange. Accordingly, it seems 

likely that INTOR must be equipped with a low-Z coated first- 

0 wall, to minimi-ze t .he  e f f e c t s  of charge-exchange sputtering. 
- - 



The s e l e c t i o n  f rom among t h e  va r i ous  a l t e r n a t i v e  d i v e r t o r  concepts f o r  

INTOR w i l l  have a profound e f f e c t  on o t h e r  aspects o f  t h e  des ign  o f  t h e  

device, and i s  d iscussed i n  s e c t i o n  3.3. 

3.2. Phys ics  R and D Needs 

The INTOR Workshop i d e n t i f i e d  t h r e e  ma jo r  research  and devel  opment . . . L -  '.+ . -- 
areas i n  which t h e  present  world-wide program i s  inadequate, and a 

s u b s t a n t i a l  i nc rease  i n  e f f o r t  w i l l  be r e q u i r e d  t o  meet t h e  needs o f  

I NTOR, namely: - 
- .-  - - 

I 1rnpbrity control; divertor and technblog$ 

'-• Disruption detection and control * . 

I 
I Neutral beam heating technology 
I 

The Workshop identified a number of.other areas in which the 

I needed research and development effort can probably be carried 

out as part of presently-planned' programs on existing or ....,-.,-- 
I 
I authorized facilities, namely: 
I 

Energy and particle confinement, especially 

ripple effects and helium transport 

Limits on D, and effect on transport 

Plasma shape and profile control, especially 

current profile control 

I RF physics and technology, needing an accelarated 

program if near-term experiments are successful 

Fuelling 

I Star-tLup, shutdown; and burn control 
- -- - ---- - - --- . - - . --- - - - _ _  _ _  3 . -- -- -- - ----- - -  



3 . 3 .  Physics Major  Design Issues 

The INTOR Workshop examined various alternative divertor 

concepts, and a 9@er of divertor designs-were carried out 

specifically for INTOR. 

. ., 
The bundle divertor, in which the main confining - - field-.is 

diverted in a single local region of the torus, is attractive 

from the point of view of assembly and maintenance. The main 

difficulty, in an INTOR-sized device, is that the requirements 

for achieving acceptably' low field perturbation (ripple) on 

axis-are necessarily in conflict with the requirement to provide - 
I 

adequate space for shielding the copper divertor coil(s). In 

bundle divertor designs proposed for INTOR, the best that could 

be achieved was about 40 cm for shielding and about 1% field per- 

turbation on axis. Moreover, a copper-coil bundle divertor 

would consume about 100 MW power. The Workshop concluded that 

a satisfactory bundle divertor design for INTOR had .not been 

developed. 

Conventional poloidal divertors maintain the axisyrnrnetry of 

the magnetic configuration, and employ an interior poloidal 

field coil to divert the field lines into a divertor chamber 

that passes all around the major circumference of the torus. 

However, the interior divertor coil was considered unworkable 

in the INTOR reactor environment. On t .he  other hand, a p610idal 

divertor design with all poloidal field coils outside the 

toroidal field coils, as shown in Fig. 3, seems to be a viable 

concept for INTOR. Such a concept provides only "wea.kn di,vertor - - =  - 



ac t i on ,  i n  t h a t  t h e  exhaust channels a r e  s h o r t  and t h e  d i v e r t o r  p l a t e s  

a r e  q u i t e  c l ose  t o  t he  main plasma. Nonethel ess, c a l c u l a t i o n s  i n d i c a t e  

t h a t  a  d i v e r t o r  o f  t h i s  t ype  should be capable o f  per fo rming  t h e  minimum 

f u n c t i o n s  r e q u i r e d  i n  INTOR, namely t o  exhaust he l ium and t o  p r o t e c t  t h e  

plasma f rom 1  im i te r -genera ted  i m p u r i t i e s .  Indeed, t h e  plasma scrape- 

o f f ,  even i n  a  re1  a t i v e l y  s h o r t  exhaust channel, should be e f f e c t i v e  

i n  p reven t ing  he1 ium and i m p u r i t y  atoms f rom r e t u r n i n g  ( r e c y c l  i n g )  

f rom t h e  d i v e r t o r  t o  t h e  main plasma chamber, a t  t h e  same t i m e  permi t -  

t i n g  DT atoms (more ene rge t i c  due t o  charge exchange i n  t h e  sc rape-o f f )  

t o  r e c y c l e  r e l a t i v e l y  . f ree ly .  Thus, a  p o l o i d a l  d i v e r t o r  of t h i s  t ype  

seems t o  o f f e r  a  workable s o l u t i o n  t o  t h e  p o t e n t i a l l y  most severe 

i m p u r i t y  problems i n  INTOR, and t h e  Workshop- agreed t h a t  near- term des ign 

a c t i v i t y  should be based on t h i s  concept. 

Two a d d i t i o n a l  c r i t i c a l  des ign i ssues  were i d e n t i f i e d  by t h e  Work- 

shop, burn  c o n t r o l  and d i s r u p t i o n  suppression. An adequate mechanism 

f o r  m a i n t a i n i n g  a  more-or- less cons tan t  power burn aga ins t  t h e  e f f e c t s  

o f  thermal runaway and, poss ib l y ,  l i m i t e d  i m p u r i t y  accudu la t i on  must be 

i d e n t i f i e d .  At present,  v a r i a b l e  t o r o i d a l  f i e l d  r i p p l e  seems most 

promi s ing.  Whil e  d i  s r u p t i o n s  can p robab ly  n o t  be a1 t oge the r  avoided, i t  

should be p o s s i b l e  t o  1  i m i t  t h e  frequency t o  and t o  m i t i g a t e  t h e  

consequences. 

4. ENGINEERING 

4.1. Enq ineer ing  S ta tus  Assessment 

I Any eng ineer ing  embodiment o f  t h e  o b j e c t i v e s  and phys ics  cons idera-  

t i o n s  out1 i ned  above r e q u i r e s  app rec iab le  des ign  sophi s t i c a t i o n  and, 

advanced techno1 ogy. Novel , sometimes severe, des ign  c r i t e r i a  wi 11 

r e q u i r e  i n n o v a t i v e  approaches t o  t h e  des ign  o f  i n d i v i d u a l  systems. 



The c l o s e  coup1 i n g  o f  a1 1  r e a c t o r  systems imp1 i e s  sub t l  e  and complex 

des ign management problems. Nonetheless, eng ineer ing  s o l u t i o n s  which 

suppor t  t h e  o b j e c t i v e s  o f  INTOR e x i s t .  

4.1.1. General Eng ineer ing  Design 

Each eng ineer ing  s p e c i a l i s t  perce ives  INTOR i n  t he  c o n t e x t  o f  h i s  

own s p e c i a l t y .  To t h e  sys tems , i n teg ra to r ,  charged w i t h  t h e  responsi -  

b i l  i t y  f o r  o p t i m i z i n g  t h e  o v e r a l l  design, perhaps t h e  most s t r i k i n g  

f e a t u r e  i s  t h e  sheer d i v e r s i t y  o f  i n t e r a c t i v e  e f f e c t s  and systems which 

wi 11 be simul taneous ly  o p e r a t i v e  i n  t h e  reac to r .  S t r u c t u r a l  1  oads 

r e s u l t  f rom an unusua l l y  l a rge ,  coupled a r r a y  o f  e lec t romagnet i c  and 

thermal e f f e c t s .  The number o f  advanced techno log ies  which must be 

combined i s  1  arge; e.g. superconduct i  ng magnet, h i g h  vacuum, cryogenic ,  

t r i t i u m  hand1 ing ,  and nuc lear  energy convers ion  systems. H igh  1  eve1 s  

o f  neu t ron  f l u x  and f l  uence p lace  unusual burdens on m a t e r i a l  s  tech-  

no1 ogy, w h i l e  r e a c t o r  a v a i l  a b i l  i t y  requi rements c a l l  f o r  shrewd appl i c a t i o n  

o f  remote maintenance capab i l  i t i e s .  Thus, t h e  a n a l y t i c a l  s t r u c t u r e  

which serves as t h e  b a s i s  f o r  t r a d e - o f f s  a f f e c t i n g  abso lu te  performance 

l e v e l ,  r e l i a b i l i . t y ,  s a f e t y  and cos t  i s  complex. 

Nonetheless, c e r t a i n  key observa t ions  can be made, f i r s t ,  a phys ica l  

c h a r a c t e r i z a t i o n  e x i s t s  which s e l f - c o n s i s t e n t l y  suppor ts  t h e  spac ia l  and 

f u n c t i o n a l  requi rements s p e c i f i e d  i n  s e c t i o n  2, F i g u r e  3 represen ts  one 

o f  severa l  poss ib l e  approx imat ions t o  t h e  des ign s o l u t i o n .  The space 

a l l o c a t i o n s  a re  based on des ign and c o n s t r u c t i o n  exper ience f o r  t h e  

v a r i o u s  systems shown and a re  judged p r a c t i c a b l e .  For  some rev iewers,  

t he  components m igh t  appear a  b i t  "squeezed" toward t h e  c e n t r a l  v e r t i c a l  

a x i s  o f  t h e  machine, thus  i m p l y i n g  h i ghe r  peak mechanical s t resses ,  



h ighe r  r e f r i g e r a t i o n  losses,  and more d i f f i c u l t  remote maintenance proce- 

dures than  would be necessary i n  a l a r g e r  design. However, enhanced 

plasma performance and lower  c o s t  f o r  most systems must d r i v e  t h e  l a y o u t  

toward t h i s  compaction o f  inboard  systems. 

A second obse rva t i on  i s  t h a t  remote maintenance requi rements pro- 

f ound l y  a f f e c t  t h e  r e a c t o r ' s  l a y o u t  and t h e  s p e c i f i c  des ign  o f  n e a r l y  

a1 1 components. Th i  s s i t u a t i o n  f o l  1 ows f rom t h e  ambi t ious  r e a c t o r  

a v a i l  a b i l  i t y  t a r g e t  and s imply  f rom t h e  prudent  requi rement  t h a t  one be 

a b l e  t o  r e p a i r  t h e  dev i ce  a f t e r  i n i t i a t i o n  o f  D-T opera t ions .  As p a r t  

o f  t h e  assessment a c t i v i t y ,  a systems i n t e r f a c e  m a t r i x  was generated. 

The elements o f  t h e  m a t r i x  p rov ide  a rough q u a n t i t a t i v e  i n d i c a t i o n  o f  

t h e  a f f e c t  t h e  des ign  o f  a g iven  system has on t h e  des ign  o f  o t h e r  

systems. Remote maintenance systems stood ou t  as t h e  most i n t e r a c t i v e  

o f  a1 1 ,' thus  r e i n f o r c i n g  t h e  be1 i e f  t h a t  remote maintenance cons idera-  

t i o n s  must be an i n t e g r a l  p a r t  o f  t h e  des ign  f rom t h e  onse t  o f  

preconceptual  a c t i v i t y .  

A t h i r d  observa t ion ,  c l o s e l y  coupled t o  t h e  p rev ious  d i scuss ion  on 

r e a c t o r  a v a i l a b i l i t y  and remote maintenance, concerns t h e  r e l a t i v e  

placement o f  t o r o i d a l  'and p o l o i d a l  magnet systems. Placement o f  a1 1 

p o l o i d a l  c o i l s  o u t s i d e  o f  t h e  bore  o f  t h e  t o r o i d a l  c o i l  i s  a s t r o n g l y  

.p re fe r red  o p t i o n  even a t  t h e  cos t s  o f  s u b s t a n t i a l  l y  inc reased  pol  o i d a l  

c o i  1 system s t resses  and power requirements.  I n t e r n a l  p o l  o i d a l  c o i l  s 

cause severe t opo l  o g i c a l  problems which would i n h i b i t  exper imenta l  

opera t ions  w i t h  t e s t  modules and compl i ca te  remote maintenance procedures. 

P a r t i c u l  a r l y  unacceptable a r e  t h e  p l  acement o f  pol  o i d a l  d i v e r t o r  c o i l  s 

i n  o r  near the  vacuum vessel as pe r  scale-up o f  present  exper imenta l  

dev ices. The r a d i a t i o n  environment i s cons idered t o o  h o s t i  1 e f o r  these 



room temperature pu l  sed c o i l  s; t h e  re1  i a b i l  i t y  o f  t h e  d i v e r t o r  system 

would be poor and t h e  s i z e  and t o p o l o g i c a l  complex i t y  incompatibl 'e w i t h  

f a s t  remote maintenance. Fo r tuna te l y ,  new simp1 i f i e d  concepts f o r  

d i v e r t o r s  have been pu t  f o r t h  i n  t h e  pas t  year  as discussed i n  s e c t i o n  

3. The des igns t a k e  advantage o f  t h e  f i n d i n g  t h a t  t h e  l ong  pu l  se opera- 

t i o n  o f  t h e  r e a c t o r  does n o t  r e q u i r e  an " e f f i c i e n t "  i m p u r i t y  d i v e r t o r ;  

t h e  key seems t o  be p r o v i s i o n  o f  a l e s s  e f f i c i e n t  system which serves 

p r i n c i . p a l l y  t o  a c t  as a he1 ium ash pump. These s i m p l i f i e d  concepts, 

some o f  which do n o t  r e q u i r e  placement o f  c o i l s  w i t h i n  t h e  t o r o i d a l  c o i l ,  

a r e  be ing  f u r t h e r  devel  oped. 

One p o s i t i v e  f i n d i n g  o f  t h e  INTOR systems i n t e g r a t i o n  assessment i s  

wor th  ment ion ing  even though i t  does n o t  r e l a t e  t o  any s i n g l e  t e c h n i c a l  

issue.  There a1 ready e x i s t s  i n  t h e  wo r l d  t h e  des ign  management techniques 

and exper ience t o  successfu l  l y  conduct  a we1 1 - i n teg ra ted  des ign  a c t i v i t y .  

Th i s  base e x i s t s  l a r g e l y  o u t s i d e  o f  f u s i o n  research  b u t  can be adapted t o  

t h e  needs o f  INTOR. 

4.1.2. Magnet ics and Power Systems 

It i s  t h e  use o f  l a r g e  magnetic systems which g i ves  f u s i o n  power bo th  

a unique conceptual  elegance and many p r a c t i c a l  problems. Desp i te  t h e  

s i z e  and complex i t y  o f  t h e  magnetic systems, t h e  ou t l ook  i s  b r i g h t .  

Research and development a c t i v i t i e s  th roughout  t h e  wo r l d  a re  p r o p e r l y  

address ing t h e  re1 evan t  techno1 o g i c a l  i ssues and, w i t h  a modest sca l  e-up 

o f  e f f o r t ,  w i  1 l be capable o f  p r o v i d i n g  t h e  r e q u i r e d  da ta  base f o r  'INTOR. 

The discussion o f  magnet ic systems n a t u r a l l y  d i v i d e s  i t s e l f  i n t o  t h e  

t h r e e  ca tego r i es  o f  t o r o i d a l ,  p o l o i d a l ,  and d i v e r t o r  systems. 

I n  o rde r  t o  meet t h e  f i e l d  and pu lse  l e n g t h  requi rements for,INTOR, 

i t  i s  c l e a r  t h a t  t h e  t o r o i d a l  coil  must be superconduct ing. A' l though 



consensus does n o t  e x i s t  on t h e  optimum cho ice  o f  superconductor,  s t a b i l i -  

zer ,  and c o o l i n g  system, t h e r e  i s  general  agreement t h a t  development 

programs a1 ready underway a r e  exp l  o r i  ng a1 1  1  i k e l  y op t ions .  A  substan- 

t i a l  da ta  base w i l l  a1 low an i n t e l l  i g e n t  examinat ion o f  t h e  t r a d e - o f f s  

i n  t he  cho ice  o f  superconductor ' (NbTi versus NbSn) , s t a b i  1  i zer  (Cu 

versus A l )  and coo l  i n g  (poo l  b o i l  i n g  versus f o r ced ) .  Exper ts  a r e  ve ry  

c o n f i d e n t  t h a t  a  re1 i a b l e  t o r o i d a l  system can be cons t ruc ted .  The 

system can be designed t o ' w i t h s t a n d  t h e  e f f e c t s  assoc ia ted  w i t h  s t a r t u p  

and plasma d i s r u p t i o n s .  The inboard  r a d i a t i o n  s h i e l d  t h i ckness  

s p e c i f i e d  f o r  INTOR i s  deemed adequate t o  p r o t e c t  t h e  c o i l  aga ins t  

i n s u l a t i o n  damage and l o s s  o f  s t a b i l i z e r  c o n d u c t i v i t y .  It i s  thought  

t h a t  superconduct ing t o r o i d a l  c o i  1  s  can be cons t ruc ted  w i t h  s u f f i c i e n t -  

r e1  i a b i l i t y  t h a t  no f a i l u r e  i s  expected du r i ng  t h e  1  i f e - t i m e  o f  INTOR. 

The o v e r a l l  des ign o f  t h e  r e a c t o r  need n o t  r e f l e c t  a  r a p i d  removal and 

r e p l  acement scheme f o r  t h e  t o r o i d a l  system. Never the l  ess, prudence I 

would d i c t a t e  adop t i on  o f  a  r e a l  i s t i c  means f o r  r e p l  acement on a  

several-month t imesca l  e. To ro ida l  f i e l d  c o i l s  w i t h  demountable j o i n t s  

a r e  judged i m p r a c t i c a l  f o r  INTOR because o f  s t r e s s  problems and dewar 

compl i c a t i o n s ,  n o t  because o f  c o n t a c t  r e s i s t a n c e  problems. 

The p o l o i d a l  c o i l  system c o n s i s t s  of t h e  main i n d u c t i o n  c o i l  and t h e  

f i e l d - s h a p i n g  and c o n t r o l  c o i l s .  The i n d u c t i o n  c o i l  c o n s i s t s  o f  a  main 

so leno id  l oca ted  i n  t h e  c e n t r a l  bore  o f  t h e  machine and a  few d i s t r i b u t e d  

t u r n s  t o  c o n t r o l  t h e  f l u x  r e t u r n  f rom t h e  main so lenoid.  A  superconduct ing 

c o i l  system i s  p r e f e r r e d  over a  normal c o i l  because INTOR can be made 

more compact and lower  i n  cos t .  C o i l  s  a1 ready i n  ope ra t i on '  a re  capable 

o f  10 t e s l  a  per  second r a t e s  a t  up t o  7.5 t e s l a  f i e l d s .  These parameters 

a r e  consistent w i t h  those demanded by INTOR, b u t  exper iments  w i t h  l a r g e r  



c o i l s  hav ing an o rde r  o f  magnitude more energy a r e  requ i red .  The e l  ec- 

t romechanical  e f f e c t s  which r e s u l t  f rom t h e  100 V / t u rn  r e q u i r e d  f o r  

plasma s t a r t u p  a r e  severe. Use o f  rf o r  o t h e r  techniques t o  reduce t h e  

' i n i t i a l  one-turn,  v o l t a g e  requi rement  would app rec iab l y  simp1 i f y  t h e  

magnet ics design. 

F i  e l  d-shapi ng and c o n t r o l  c o i  1  s  a re  r e q u i r e d  t o  a t t a i n  t he  equi  1  i b r i  um 

and s t a b i l  i t y  c o n d i t i o n s  r e q u i r e d  by INTOR ' s  e l  ongated p l  asma. Engi- 

neer ing  cons ide ra t i ons  c i t e d  above g i v e  s u b s t a n t i a l  impetus t o  t h e  

adopt ion  o f  superconduct ing c o i l s  l o c a t e d  o u t s i d e  t h e  t o r o i d a l  c o i l .  

However, a  f u l l  s t a b i l i t y  ana l ys i s ,  i n c l u d i n g  e f f e c t s  o f  a l l  i n t e r -  

mediate s t r u c t u r e s ,  has n o t  been completed. If i t  should prove necessary 

t o  p l ace  a few c o i l  s  w i t h i n  t h e  t o r o i d a l  c o i l s ,  then  t h e  s i t u a t i o n  i s  l e s s  

a t t r a c t i - v e ,  b u t  t o l e r a b l e .  Normal conduct ing c o i l s  would have t o  be 

used because o f  heat 1  oad and r a d i a t i o n  damage e f f e c t s .  

D i v e r t o r s ,  which a r e  p r e s e n t l y  s p e c i f i e d  f o r  INTOR, impose severe 

r e s t r a i n t s  on t h e  magnet system. Designs performed p r i o r  t o  1979 seem 

t o  be i ncompa t i b l e  w i t h  acceptable magnet des ign  p r a c t i c e .  Fo r tuna te l y ,  

t h e  new concepts ment ioned p r e v i o u s l y  suggest t h a t  des igns cou ld  be 

developed f o r  which t h e  magnet technology b a s i s  would be adequate. 

L i t t l e  need be s a i d  about t h e  power supply  assessment f o r  INTOR. 

Ana l ys i s  o f  peak power and t o t a l  energy requi rements shows t h a t  t h e  

p resen t  genera t ion  of  equipment, a, l ready under c o n s t r u c t i o n  f o r  machines 

1 i k e  TFTR, i s  e n t i r e l y  adequate. The o n l y  excep t i on  might  r e s u l t  f rom 

. any inc rease  o f  n e u t r a l  beam energy above t h e  p r e s e n t l y  planned 175 keV, 

o r  f rom t h e  adopt ion  o f  rf as a p r i n c i p a l  mode o f  plasma heat ing.  The 

t o t a l  power requi rement  f o r  t h e  f a c i l  i t y  i s  about 200 MW and represen ts  

no severe s i t i n g  problem. 



4.1.3. Reactor  A v a i l a b i l i t y ,  R e l i a b i l i t y ,  and Remote Maintenance 

A ma jo r  o b j e c t i v e  o f  INTOR i s  t h e  a t t a i nmen t  o f  h i g h  a v a i l a b i l  i t y  

(25% - 50%). The assessment has shown t h a t  ope ra t i on  o f  INTOR w i t h  h i g h  

a v a i l  a b i l  i t y  impl i e s  severe re1  i a b i l  i t y  requi rements and p ro found l y  

a f f e c t s  t h e  approach t o  remote maintenance. 

I n  o r d e r  t o  assess t h e  re1  i a b i l  i t y  requi rements f o r  t h e  components 

o f  INTOR, a r a t h e r  d e t a i l e d  a n a l y s i s  was conducted. Over 55 components 

were s tud ied  f o r  an assumed c o n f i g u r a t i o n  o f  t h e  machine. Dominant 

f a i l u r e  modes were fo rmu la ted  f o r  each o f  these  components, and ' the  t ime  

t o  complete a remote r e p a i r  was est imated.  A reasonable schedule was 

assumed f o r  machine ope ra t i ng  t i m e  and schedul ed maintenance. The a v a i l  a- 

b i l  i t y  t a r g e t  then  impl i e d  a n e t  t i m e  a v a i l a b l e  f o r  unscheduled r e p a i r s  

and thus e s t a b l i s h e d  a s e t  o f  p o s s i b l e  r e l i a b i l i t y  f a c t o r s  f o r  t h e  

i n d i v i d u a l  components. Real i s t i c  re1  i a b i l  i t y  f a c t o r s  were a1 so so l  i c i t e d  

f o r  t h e  va r i ous  components from app rop r i a te ,  expe r t s  and compared t o  t h e  

deduced s e t  o f  r equ i red  values. The conc lus ion  was t h a t  t h e  a v a i l a b i l i t y  

goal  s f o r  INTOR can be met, b u t  o n l y  w i t h  s t r i n g e n t  development, t e s t i n g  

and qua1 i t y  c o n t r o l  . 
The c o s t s  and t h e  b e n e f i t s  o f  f u l  l y  remote ope ra t i on  versus t h e  c o s t s  

and b e n e f i t s  o f  semi-remote o r  "hands-on" maintenance was performed. 

More s p e c i f i c a l  ly, t h e  c o s t s  o f  incrementa l  s h i e l d i n g  around t h e  machine 

which would a l l o w  personnel access t o  t h e  r e a c t o r  h a l l  were es t imated  as 

a percentage o f  the c a p i t a l  investment.  Th i s  percentage was found t o  be 

l e s s  than  t h e  percentage inc rease  i n  a v a i l a b i l i t y  f o r  t h e  machine because 

o f  t h e  g r e a t e r  speed o f  r e p a i r  assoc ia ted  w i t h  semi-remote and "hands-on" 



maintenance. Thus, t h e  a d d i t i o n  o f  t h e  s h i e l d i n g  i s  viewed as a cos t -  

e f f e c t i v e  measure. A1 though a l  1  systems must be remote ly  ma in ta inab le ,  

t h e  l esson  i s  t h a t  such a requi rement  should n o t  r u l e  ou t  some "hands- 

on1' maintenance. 

The technology f o r  t he  remote maintenance o f  INTOR l a r g e l y  e x i s t s  

and can be adopted on an a p p r o p r i a t e  t ime-scale.  However, t h e  techniques 

f o r  des ign ing  INTOR f o r  remote m a i n t a i n a b i l i t y  a r e  a t  an e a r l y  s tage o f  

devel  opment. 

The vacuum technology f o r  pumping n e u t r a l  beam 1 i n e s  and f o r  pumping 

t h e  plasma chamber between burn  pu l  ses should be adequate f o r  INTOR needs. 

However, t h e  devel  opment o f  h i g h  speed pumps t o  remove he1 i um d u r i n g  t h e  

bu rn  i s  r equ i red .  Moreover, t h e  neu t ron  and gamma hea t .  f l  uxes on t h e  

cryopanel s  cou ld  l ead  t o  l a r g e  r e f r i g e r a t i o n  c o s t s  i f  convent ional  

cryocondensat ion pumps ope ra t i ng  a t  4.2 K a r e  used. 

4.1.4. Operat ions 

The successfu l  ope ra t i on  o f  INTOR w i l l  p lace  s u b s t a n t i a l  demands on 

ou r  a b i l i t i e s  t o  diagnose and c o n t r o l  ve ry  complex exper imenta l  opera t ions .  

INTOR d i a g n o s t i c s  w i l l  encompass a un ique l y  l a r g e  and d i v e r s e  package o f  

phys ics  and eng ineer ing  d i agnos t i cs .  Thousands o f  channels o f  da ta  w i l l  

have t o  be handled e x p e d i t i o u s l y  and r e l i a b l y .  

P r e l i m i n a r y  assessment o f  t h e  d i agnos t i cs ,  c o n t r o l  and da ta  acqu i s i -  

t i o n  system f o r  INTOR has con f i rmed t h a t  most o f  t h e  r e q u i r e d  e x p e r t i s e  

i s  a1 ready be ing  developed. A g r e a t  deal  o f  exper ience i n  t h e  use o f  

plasma d i a g n o s t i c s  on tokamaks e x i s t s  and i s  be ing expanded as t h e  new 

genera t ion  o f  tokamaks comes on l i n e .  D iagnos t i cs  adequate f o r  feedback 

c o n t r o l  and those needed f o r  i n t e r p r e t a t i o n  o f  da ta  (and thus  eventual  

o p t i m i  z a t i o n  o f  performance) have been i d e n t i f i e d .  A ma jo r  problem may 



a r i s e  because o f  t h e  severe environment i n  which d i a g n o s t i c s  w i l l  be . 

r e q u i r e d  t o  operate.  Several plasma d i a g n o s t i c s  components, i f u t i  1 i zed 

i n  t he  same manner as a t  present ,  would r a p i d l y  f a i l  i n  t h e  h i g h  neu t ron  

and gamma f l u x e s  encountered du r i ng  D-T opera t ion .  I n  t h e  case o f  t h e  

eng ineer ing  d i agnos t i cs ,  most o f  t h e  fundamental techniques have been 

devel  oped i n  o t h e r  f i e 1  ds (e.g. f i  s s i  on, h igh-vo l  tage)  . 
I n  t h e  case o f  t h e  computer systems and t h e  assoc ia ted  i n t e r f a c e  

equipment , no need e x i s t s  f o r  INTOR development s p e c i f i c a l l y .  Because 

o f  r a p i d  progress i n  t h e  i n d u s t r y ,  t h e  technology should be adequate f o r  

any foreseen requirements.  

4.2. Engineer ing R and D Needs 

The INTOR Workshop i d e n t i  f i e d  two major  research  and devel opment 

areas i n  which t h e  present  wor ld-wide program i s  inadequate, and a 

s u b s t a n t i a l  increase i n  e f f o r t  w i l l  be r e q u i r e d  t o  meet t h e  needs o f  

I NTOR , name1 y 

Superconduct i  ng pu l  sed c o i  1 techno1 ogy 

Vacuum pumping o f  helium. 

The Workshop i d e n t i f i e d  a number o f  o the r  areas i n  which t h e  needed 

research  and development e f f o r t  can p robab ly  be c a r r i e d  ou t  as p a r t  o f  

p r e s e n t l y - p l  anned programs on e x i s t i n g  o r  au tho r i zed  f a c i l  i t i e s ,  namely 

Superconduct ing t o r o i d a l  c o i l  technology 

Energy s to rage  and t r a n s f e r  

Remote maintenance and assembly 

P e n e t r a t i o n  s h i e l d i n g  f o r  personnel access and component 

p r o t e c t i o n  

D iagnos t i cs ,  da ta  acqui  s i  t i  on and c o n t r o l .  



These R and D needs a r e  s p e c i f i e d  i n  d e t a i l  i n  t he  r e p o r t  [l] of t h e  

Workshop. 

4.3. Engineer ing Major  Design Issues  

The INTOR Workshop i d e n t i f i e d  s i x  ma jo r  eng ineer ing  des ign i ssues: 

l o c a t i o n  o f  t h e  p o l o i d a l  f i e l d  c o i l  s, l o c a t i o n  o f  t h e  vacuum boundary, 

l o c a t i o n  and c o n f i g u r a t i o n  o f  t h e  b l a n k e t  t e s t  modules, t h e  remote mainte- 

nance approach, t h e  des ign  a v a i l  a b i l  i t y  o b j e c t i v e ,  and t h e  es tab l  ishment 

o f  des ign  standards. The i ssues  assoc ia ted  w i t h  t h e  po l  o i d a l  f i e l d  c o i l  

l o c a t i o n  were 'd iscussed p rev ious l y .  The l o c a t i o n  o f  t h e  p r ima ry  vacuum 

boundary a t  t h e  f i r s t - w a l l ,  i n  o r  behind t h e  p r imary  s h i e l d  b u t  w i t h i n  

t h e  t o r o i d a l  f i e l d  c o i l  cage, o r  a t  t h e  b u i l d i n g  w a l l  were a l l  suggested, 

and t he  second o p t i o n  i s  g e n e r a l l y  favored.  

P r o v i s i o n  o f  a  r e a l i s t i c  environment f o r  t e s t i n g  t r i t i u m  e x t r a c t i o n  

r e q u i r e s  t h a t  t h e  b l a n k e t  t e s t  modules have a  su r f ace  area o f  severa l  

square meters  f a c i n g  t h e  plasma chamber, and t h e  requi rement  t o  produce 

2 r 1 0  M i e  imp1 i e s  t h a t  about 30 m o f  plasma chamber su r f ace  area be 

covered by t e s t  modules. I n  p r i n c i p l e ,  these modules can be run  i n  

v e r t i c a l l y  f rom t h e  top, h o r i z o n t a l l y  a1 ong t h e  midpl  ane, o r  on about a  

3U8 diagonal  above and be1 vw .Lhe r~r'idplane. 

The development o f  a  ph i losophy  on component replacement and o f  a  

fundamental remote maintenance approach i s  bas i c  t o  t h e  des ign  o f  .INTOR. 

C e r t a i n  components must be ma in ta i nab le  on a  r o u t i n e  bas is ,  w h i l e '  o the rs  

can o r  w i  11 have t o  be designed f o r  ve ry  h i g h  re1  i a b i  1  i ty  so t h a t  r a t h e r  

l o n g  t imes  can be a1 lowed . f o r  replacement o r  r e p a i r .  The i d e n t i f i c a t i o n  

o f  which components fa1  1  i n t o  each ca tegory  i s  r e q u i r e d  p r i o r  t o  t h e  

development o f  an eng ineer ing  design. A number o f  remote maintenance 

approaches ( i n  s i  t u  r e p a i r ,  component removal , segment removal , e t c  .) 



must be examined i n  develop ing a fundamental approach t h a t  i s  c o n s i s t e n t  

w i t h  t h e  a v a i l a b i l i t y  requi rements o f  INTOR. 

The machine a v a i l a b i l i t y  t h a t  r e a l i s t i c a l l y  can be s p e c i f i e d  as an 

o b j e c t i v e  f o r  INTOR depends upon t h e  component r e1  i a b i l  i t y  c r i t e r i a ,  

which a f f e c t  component development programs, and upon t h e  redundancy 

l e v e l  i n  t he  design, as we1 1 as upon t he  remote maintenance approach. 

Design standards, o r  gu ide l  ines,  a r e  needed i n  o rde r  t o  proceed w i t h  

a design. I n  some ins tances  app rop r i a te  s tandards may be borrowed f rom 

o the r  f i e l d s .  But i n  many ins tances  (e.g. superconduct ing magnets, 

t r i t i u m  re lease  r a t e s )  i t  w i l l  be necessary t o  fo rmu la te  new des ign  

gu ide l  ines.  

5. NUCLEAR 

5.1. Nuclear  S ta tus  Assessment 

5.1.1. F i r s t  Wal l ,  B lanke t  and S h i e l d  

The assessment by  t h e  INTOR Workshop revea led  t h a t  because o f  t h e  

l a r g e  number o f  tokamak r e a c t o r  s t ud ies  done over  t h e  past  10 yea rs  

(more than  20),  a cons ide rab le  v a r i e t y  o f  f i r s t - w a l l ,  b l a n k e t  and s h i e l d  

des ign so l  u t i o n s  appear t o  be workable under INTOR o p e r a t i n g  cond i t i ons .  

The p o s s i b l e  excep t ions  t o  t h i  s statement a r e  1 i m i t e r s ,  d i v e r t o r  c o l l  ec- 

t i o n  p l  a tes,  and pass ive  1 i n e r s  t o  w i t hs tand  d i s r u p t i o n s .  

It was conc l  uded t h a t  des ign procedures, des ign  codes and t e s t i n g  

methods c u r r e n t l y  e x i s t  t o  per form adequate neu t ron ics ,  thermal -hydraul  i c  , 

and s t r u c t u r a l  a n a l y s i s  o f  t h e  vacuum vessel , t e s t  modules, b lanke ts ,  

sh ie l ds ,  and f i  r s t  w a l l  s. Furthermore, t h e r e  was reasonable con f idence  

6 t h a t  water  cooled f i r s t  w a l l s  cou ld  be designed t o  w i t hs tand  t h e  10 heat  

2 pulses t o  t h e  f i r s t  w a l l  i f  t h e y  d i d  n o t  exceed 30 t o  60 wat ts l cm on a 

steady s t a t e  bas is .  Concern was expressed t h a t  t h e r e  i s  bo th  inadequate 



i n fo rma t ion  about t he  magnitude o f  t he  heat dumped t o  the  f i r s t  wa l l  due 

t o  a  plasma d i s r u p t i o n  and the  a b i l i t y  o f  an unprotected f i r s t  wa l l  t o  

handle such an event. The use o f  r a d i a t i v e l y  cooled armor p l a t e  was 

discussed but  no s p e c i f i c  s o l u t i o n  was agreed upon du r ing  t h i s  phase o f  

INTOR assessment. 

There appears t o  be a  growing, and p o t e n t i a l l y  adequate, data base 

f o r  p r e d i c t i n g  f a i  1  ure modes o f  u n i r r a d i a t e d  f i r s t  wa l l  s. However, i n  

p r a c t i c a l  l y  every m'ater ia l  except s ta in1  ess s tee l  t he re  i s  an inadequate 

data base on i r r a d i a t e d  m a t e r i a l s  p rope r t i es  t o  pu t  i n t o  the f i r s t  wa l l  

l i f e t i m e  codes. It i s  a n t i c i p a t e d  t h a t  an adequate data base f o r  N i  

con ta in ing  ma te r ia l s  w i l l  be present by  1985, b u t  t he  prospect f o r  

ob ta in ing  such data on o the r  m a t e r i a l s  be fore  cons t ruc t i on  o f  INTOR i s  

s l  i g h t .  

There seems t o  be a  major unce r ta in t y  w i t h  regard t o  the  i m p l i c a t i o n s  

o f  h igh  vol tages induced i n  the  b lanket  o r  f i r s t  wa l l  du r i ng  s t a r t  up and/ 

o r  du r ing  d i s rup t i ons .  The exact placement o f  e l e c t r i c a l  i n s u l a t o r s  and 

t h e i r  opera t ing  l i f e t i m e  i n  the  r a d i a t i o n  environment i s  a  major unknown, 

and f u r t h e r  work i s  requ i red  t o  c l a r i f y  t h i s  s i t u a t i o n .  

5.1.2. Tr - i l - iu~ i i  

E i g h t  major areas o f  concern were i d e n t i f i e d  w i t h  respect  t o  the  use 

o f  t r i t i u m  i n  INTOR: f u e l  p u r i f i c a t i o n  and recycle,  t r i t i u m  breeding i n  

t e s t  modules, s torage o f  t r i t i u m ,  min imiz ing  the  a c t i v e  i nven to ry  o f  

t r i  t i  um, ex te rna l  sources o f  t r i t i u m  f o r  INTOR, containment o f  tr i t i  um, 

t r a n s p o r t a t i o n  o f  t r i t i u m ,  and cleanup o f  t r i t i u m  re leases i n  the  p lan t .  

It was genera l l y  concluded t h a t  w i t h  respect  t o  these top ics ,  e i t h e r  data 

and f a c i l i t i e s  a re  p resen t l y  ava i l ab le ,  o r  t h a t  they  would be a v a i l a b l e  

by ' t he  mid-1980s t o  proceed w i t h  t h e  design and cons t ruc t i on  o f  INTOR. 



The 1  eve1 o f  know1 edge and the capabi 1  i t y  requ i red  t o  'design the  f u e l  

p u r i f i c a t i o n  system i s  expected t o  be reasonably i n  hand by t h e  mid-1980s. 

The main body o f  i n fo rma t ion  i s  expected t o  come from experimental 

f a c i l i t i e s  such as t h e  T r i t i u m  Systems Test Assembly (TSTA) i n  the  USA, 

which i s  a1 ready under cons t ruc t ion ,  and from the  planned T r i t i u m  

Engineering Test Laboratory (TETL) i n  Japan and Vacuum/Tri t i  urn Stand (VTS) 

i n  the USSR. 

The 1  arge scale product ion o f  triti um from 1  i t h i  um con ta in ing  ma te r ia l  s  

has been demonstrated on a  batch-wise bas is  i n  a  number o f  count r ies ,  

bu t  t h e  a b i l i t y  t o  cont inuous ly  e x t r a c t  t r i t i u m  from a  h o t  breeding 

b lanket  module wh i l e  simultaneously main ta in ing  a  1 ow trit i um inven to ry  

remains t o  be demonstrated. E x t r a c t i o n  methods and behavior o f  breeding 

components under i r r a d i a t i o n  cou ld  be devel oped i n  f i  ss i  on r e a c t o r  

f a c i  1  i t i e s  by t h e  mid-1980s. 

The i nven to ry  o f  t r i t i u m  requ i red  i n  INTOR i s  2 t o  3 kg. F a i l u r e  

p roo f  s torage systems must be i d e n t i f i e d .  The development o f  such systems 

seems t o  be s t ra igh t - fo rward .  

The " a c t i v e "  triti um inven to ry  ( i  .e., i n  the  f u e l  f a b r i c a t i o n ,  

i n j e c t i o n ,  exhaust, and reprocessing system) i s  considerably more vul  ner- 

able t o  acc identa l  re lease and the re fo re  w i l l  have t o  be reduced t o  as 

low a  value as possib le.  Est imates o f  t h i s  i nven to ry  range from a  few 
- 

hundred grams t o  a  few kg 's .  The wide spread i n  est imates i s  due t o  the  

unce r ta in t y  o f  f r a c t i o n a l  burnup per  pass, r e c y c l e  t ime o f  cryopumps , 

and amount o f  t r i t i u m  adsorbed throughout t h e  INTOR chamber and exhaust 

I systems. E f f o r t s  t o  quant i fy  these parameters w i l l  be a  prime mo t i va t i on  

o f  research i n  t h e  next  few years. 



I n  t h e  event  t h a t  INTOR does n o t  p rov ide  i t s  own t r i t i u m ,  then  r o u g h l y  

65-95 k g  o f  t r i t i u m ,  depending upon t h e  o p t i o n  chosen f o r  s tage 111, w i l l  

have t o  be suppl i e d  from f i s s i o n  r e a c t o r s  over  a  12 y e a r  per iod.  Whi le  

t h i s  amount o f  f u e l  i s  by no means t r i v i a l  , it cou ld  be ob ta ined  e n t i r e l y .  

f r om ded ica ted  t r i t i u m  p roduc t i on  f a c i l i t i e s  i n  t h e  USA o r  p a r t i a l l y  f r om 

t h e  heavy water  coo lan t  o f  CANDU r e a c t o r s .  The c o s t  o f  t h i s  f u e l  cou ld  

range from as low as 4 m i l  l i o n  d o l l a r s  pe r  kg t o  as h i g h  as 8 m i l l  i o n  

do1 1 a r s  per  kg. The i n t e r n a t i o n a l  r e g u l a t i o n s  govern ing such 1 arge 

t r a n s f e r s  o f  t r i t i u m  need t o  be c l o s e l y  examined. 

The mechanisms o f  hydrogen d i f f u s i o n  th rough me ta l s  a r e  reasonably  

w e l l  understood. However, i t  remains t o  be demonstrated t h a t  s u f f i c i e n t l y  

r e l . i a b l e  t r i t i u m  permeat ion b a r r i e r s  can be produced, p a r t i c u l a r l y  f o r  

heat  t r a n s f e r  su r faces  and . those  subjected t o  i n t e n s e  neu t ron  bombardment. 

Such da ta  can come f rom TSTA, TETL, and VTS, w h i l e  i n  s i t u  exper iments  i n  

f i s s i o n  r e a c t o r s  should shed l i g h t  on t h e  problems a n t i c i p a t e d  f o r  

i r r a d i a t e d  coat ings.  

I 5.1.3. M a t e r i a l  s  

I n  general ,  i t  was concluded t h a t  t h e  da ta  base e i t h e r  e x i s t s  now, 

o r  t h a t  i t  wi 11 e x i s t  by  t h e  mid-1980s, t o  be a b l e  t o  make a reasonable 

judgement on t h e  mechanical performance o f  m a t e r i a l s  i n  INTOR. Fur ther -  

more, t h e r e  i s  reasonable opt imism t h a t  t h e  s t r u c t u r a l  m a t e r i a l  s  can be 

used f o r  t h e  l i f e t i m e  o f  t h e  device. 

O f  t h e  f o u r  main c l asses  o f  p o t e n t i a l  s t r u c t u r a l  m a t e r i a l  s  cons idered 

f o r  INTOR ( a u s t e n i t i c  s t e e l  s, f e r r i t i c  s t e e l  s, t i t a n i u m  a1 1 oys and a1 uminum 

a1 1 oys) , t h e  a u s t e n i t i c  s t e e l  s  a r e  t h e  favored  choice. F e r r i t i c  s t e e l  s  

have b e t t e r  thermal s t r e s s  p r o p e r t i e s  and more r e s i s t a n c e  t o  i r r a d i a t i o n  

induced swe l l i ng ,  b u t  t h e  post-weld heat t rea tments  and t h e  s h i f t  i n  



t h e  d u c t i  1  e - t o - b r i  ttl e temperature makes ope ra t i ons  be1 ow t h e  300-400°C 

range ques t iona l  be. T i  t a n i  um a1 1 oys p resen t  some advantage f rom t h e  

thermal s t r e s s  and f a t i g u e  1 i f e t i m e  s tandpo in t ,  b u t  t h e  general  l a c k  o f  

da ta  on i r r a d i a t e d  m a t e r i a l s  and on f o rma t i on  o f  hyd r i des  below 300°C 

makes them u n a t t r a c t i v e  f o r  use i n  INTOR a t  t h i s  t ime.  Aluminum a l l o y s  

have t he  p o t e n t i a l  advantage o f  l owe r  thermal s t resses  and h ighe r  

pe rm iss ib l e  f i r s t  w a l l  th i ckness ,  l owe r  long-1 i v e d  r a d i o a c t i v i t y ,  and 

lower  t r i t i u m  pe rmeab i l i t y .  On t h e  o t h e r  hand, a  l a c k  o f  i r r a d i a t i o n  

da ta  above 100°C, decreased d u c t i l  i t y  due t o  p o s t - i r r a d i a t i o n  hea t i ng  

(bak ing)  above 100°C, a  l a c k  o f  i r r a d i a t i o n  da ta  on m a t e r i a l s  w i t h  

app rop r i a te  he1 i um con ten t ,  and doubts  about commerical r eac to r - re l evance  

f o r  e l e c t r i c i t y  p roduc t i on  make t h e  A1 a l l o y s  u n a t t r a c t i v e  f o r  t h e  

p r ima ry  s t r u c t u r a l  a1 l o y  i n  t h e  sh ie l d .  It may be p o s s i b l e  t o  cons ider  

us ing  A1 a l l o y s  i n  t h e  f i r s t  w a l l  ope ra t i ng  a t  about 100°C. 

There i s  o n l y  one c l ass .  o f  m a t e r i a l  s, a u s t e n i t i c  s t e e l  s, t h a t  has 

been i r r a d i a t e d  w i t h  approx imate ly  t h e  p roper  combinat ion o f  d isp lacement  

damage and he1 ium product ion.  By 1985 i t i s  p o s s i b l e  t h a t  a  few smal l  

specimens o f  non-n ick le  c o n t a i n i n g  a l l o y s  w i l l  be i r r a d i a t e d  i n  FMIT 

under " t y p i c a l i i  h i g h  energy neu t rons  cond i t i ons .  However, the number o f  

specimens and t h e  range o f  temperatures, s t r e s s  c o n d i t i o n s  and a l l o y  

v a r i a t i o n s  w i l l  be t o o  smal l  t o  a1 l ow  c o n s t r u c t i o n  t o  beg in  i n  1985 i f  

any o t h e r  a l l o y  except  s t a i n l e s s  s t e e l  were t o  be used. 

The da ta  base on so l  i d  breeder  m a t e r i a l s  (e.g. Li20, LiA102, etc.)  

i s  small b u t  b u i l d i n g  a t  a  steady r a t e .  T r i t i  um re1  ease da ta  1 ooks 

f a v o r a b l e  under l o w  neu t ron  i r r a d i a t i o n  c o n d i t i o n s ,  b u t  t e s t s  a t  much 

h ighe r  f l uences  and a t  h i g h  temperatures a r e  necessary i n  o r d e r  f o r  

so l  i d  breeders t o  be ready f o r  i n c o r p o r a t i o n  i n  t e s t  modules. 



Damage l i m i t s  t o  t h e  Cu and A1 s t a b i l i z e r s  o f  t h e  superconduct ing 

magnets have been es tab l i shed .  The c r i t i c a l  damage l i m i t  o f  5  x  10" 

dpa f o r  copper and 10 '~  dpa f o r  A1 have been accepted f o r  INTOR. These 

l i m i t s  a r e  much lower  than those s e t  f o r  t h e  superconductor NbgSn 

(0.002 dpa) o r  NbTi ( 4 . 0 6  dpa). The 1  i m i t  t o  t h e  e l e c t r i c a l  i n s u l a t o r s  

9 i n  t h e  magnets was s e t  a t  t h e  10 t o  l o l o  rad  l e v e l .  

The use o f  carbon i n  t h e  plasma chamber appears t o  b e . m a r g i n a l l y  

acceptable.  Recent work b y  Japanese s c i e n t i s t s  has revea led  t h a t  

chemical s p u t t e r i n g  can be reduced by a  p a s s i v a t i o n  mechanism which i s  

n o t  understood a t  t h e  present  t ime.  F u r t h e r  work i n  t h i s  area may 

remove t h i s  b a r r i e r  t o  t he  ex tens i ve  use o f  carbon as l i m i t e r ,  

beam dumps, armor p l a te ,  o r  even coa t i ngs  o f  t h e  f i r s t  wa l l .  

The assessment revea led  t h a t  t h e  exper imenta l  da ta  i n  phys ica l  

s p u t t e r i n g  i s  now s u f f i c i e n t  t o  p r e d i c t  w a l l  e ros ion  r a t e s  once t h e  

p a r t i c l e  spec t ra  and angle o f  i nc i dence  a r e  s p e c i f i e d .  Wall e r o s i o n  o f  

unprotected INTOR f i r s t  w a l l s  i s  n o t  se r ious  i f  t h e  w a l l  f l u x  i s  below 

1015 p a r t i c l e s  cm-2 s - I  and i f  t h e  p a r t i c l e  energy i s  l e s s  than  100 eV. 

However, t h e  a n t i c i p a t e d  p a r t i c l e  f l u x e s  may be somewhat h igher .  

A  g r e a t  deal o f  progress has been madc i n  t h c  a rca  o f  l o w - i  c o a t i n g s  

f o r  f i r s t  w a l l  s, 1  i m i t e r s  and p a r t i c l e  c o l l e c t i o n  p l a tes .  However, as 

o f  now t h e r e  i s  no c l e a r l y  s u p e r i o r  cand ida te  t h a t  has been demonstrated 

t o  be compat ib le  w i t h  bo th  t h e  plasma and c y c l i c  o p e r a t i o n  o f  t h e  power 

cyc le .  TiBp and T i c  h o l d  g r e a t  promise, b u t  more t e s t s  a r e  necessary 

f o r  a  f i n a l  d e c i s i o n  i n  INTOR. 

5.2. Nuclear  R and D Needs 

The INTOR Workshop i d e n t i  f i  ed two ma jo r  research  and devel opment areas 

i n  which t h e  p resen t  world-wide program i s  inadequate, and a  s u b s t a n t i a l  



i nc rease  i n  e f f o r t  w i l l  be r e q u i r e d  t o  meet t h e  needs o f  INTOR, namely 

F i  r s t - w a l  1  , 1  i m i  t e r  and d i v e r t o r  p l a t e s  

I n s u l a t o r s  and coat ings.  

The Workshop i d e n t i f i e d  t h r e e  o t h e r  l a r g e  areas i n  which t h e  needed 

research and development e f f o r t  can p robab ly  be c a r r i e d  ou t  as p a r t  o f  

p resen t l y -p l  anned programs on e x i s t i n g  o r  au tho r i zed  f a c i  1  i t i e s ,  namely 

S t a i n l e s s  s t e e l  p r o p e r t i e s  

I n t e g r a t e d  t r i t i u m  f u e l  hand l ing  system 

T r i  t i  um cleanup, s a f e t y  and mon i t o r i ng  systems. 

These R and D  needs a r e  s p e c i f i e d  i n  d e t a i l  i n  t h e  r e p o r t  [I] o f  t h e  

Workshop. 

5.3. Nuclear  Major  Desiqn Issue  

The major  near term des ign i s sue  has t o  do w i t h  t h e  f i r s t  wa l l .  

There i s  no ques t ion  t h a t  water  coo led  s t a i n l e s s  s t e e l  tubes, on t h e  

o rde r  o f  2 mrn t h i c k  can handle t h e  s teady s t a t e  heat f l u x  f rom INTOR 

( ~ 3 0  w a t t s  cme2). However, t h e r e  i s  r e l a t i v e l y  l i t t l e  agreement on t he  

u n i f o r m i t y  o f  t h e  heat  f l u x  around t h e  to rus .  Moreover, t h e  magnitude 

o f  heat  f l u x e s  assoc ia ted  w i t h  plasma d i s r u p t i o n s  i s  so l a r g e  as t o  be o f  

o v e r r i d i n g  concern i n  t he  des ign  o f  t h e  f i r s t  w a l l .  

Another concern stems f rom t h e  h i g h  charge exchange n e u t r a l  f l u x  t h a t  

cou ld  come f rom t h e  edge o f  t h e  plasma. For  example, charge exchange 

n e u t r a l  f l uxes  of 1016 t o  lo1' cm-2 s - I  a t  100 eV have been pos tu la ted .  

Such f l u x e s  would cause e r o s i o n  r a t e s  o f  0.5 t o  1 mmlyear, comple te ly  

unacceptable f o r  many reasons. A  l o g i c a l  way t o  avo id  t h i s  problem i s  

t o  use s a c r i f i c i a l  armor p l a t e  which i s  i n  f r o n t  o f  t h e  f i r s t  w a l l  b u t  

cooled r a d i a t i v e l y .  Such p r o t e c t i o n  may a l s o  be r e q u i r e d  t o  m i t i g a t e  

aga ins t  p l  asma d i s r u p t i o n s .  



The i ssue  t o  be dec ided i n  t h e  n e x t  year  o f  t h e  s tudy  i s ;  can INTOR 

opera te  w i t h  a  bare  f i r s t  w a l l  ( i f  so, i s  i t  made f rom A1 o r  s t e e l  ) o r  

i s  a  so l  i d  armor p l  a t e  o r  o t h e r  p r o t e c t i v e  mechani sm r e q u i r e d  around 

t h e  e n t i r e  t o r u s ?  A  c o r o l l a r y  i s sue  i s  t h e  es tab l i shment  o f  a  

reasonable upper l i m i t  f o r  t he  neu t ron  w a l l  l oad  f o r  which INTOR i s  

t o  be designed. 

6. SAFETY AND ENVIRONMENT 

T h i s  p a r t i c u l a r  t o p i c  had t o  be approached from a  r a t h e r  gener ic  

sense because no d e t a i l e d  des ign was a v a i l a b l e .  The main purpose o f  t h i s  

e f f o r t  was t o  i d e n t i f y  areas o f  disagreement o r  l a c k  o f  r e g u l a t i o n s  

between t h e  va r i ous  coun t r i es .  

The ma jo r  i ssues  t h a t  were i n v e s t i g a t e d  f o r  t h e  assessment were 

t r i t i u m  f u e l ,  a c t i v a t i o n  products ,  use o f  l i t h i u m  i n  INTOR, e f f e c t s  o f  

magnet ic f i e l d s  and magnet f a i l  ures,  p o t e n t i a l  t o x i c  m a t e r i a l  s, and 

hazards assoc ia ted  w i t h  h i g h  vacuum, l a r g e  c ryogen ic  systems, and h i g h  

vo l  tage. 

Since i t  was decided n o t  t o  use l a r g e  amounts o f  l i t h i u m  c o n t a i n i n g  

m a t e r i a l s  i n  INTOR t h i s  was n o t  perce ived  t o  be a  major  problem. There 

were no major  t o x i c  m a t e r i a l  s  i d e n t i f i e d  i n  INTOR a s  i t  i s  c u r r e n t l y  

conceived, so t h a t  area was n o t  pursued i n  g r e a t  d e t a i l .  Some observa t ions  

on t h e  remain ing t o p i c s  a r e  g i ven  be1 ow. 

Regulat ions p e r t a i n i n g  t o  t h e  c o n t r o l  o f  (1) r a d i o a c t i v i t y ,  

( 2 )  t o x i c  m a t e r i a l s ,  and ( 3 )  i n d u s t r i a l  procedures assoc ia ted  w i t h :  . ' 

(a )  h i g h  vacuum technology,  ( b )  l a r g e  c ryogen ic  systems, and ( c )  h i g h  

v o l t a g e  systems c u r r e n t l y  e x i s t  i n  t h e  member na t i ons ,  and these  a r e  

f e l t  t o  be adequate f o r  s t a r t i n g  t h e  des ign  o f  INTOR. However, t h e r e  

a r e  few, i f  any, r e g u l a t i o n s  t h a t  a r e  s p e c i f i c  t o  f u s i o n  dev ices,  and a  



.concentrated e f f o r t  t o  e s t a b l i s h  these gu ide l i nes  f o r  INTOR must s t a r t  

as soon as possible. It i s  1  i k e l y  t o  take 5-10 years  t o  formulate such 

regu la t i ons  i n  compl iance w i t h  pub1 i c  rev iew and l e g i s l  a t i v e  requ i re -  

ments. 

The most c r i t i c a l  example o f  where s p e c i f i c  a t t e n t i o n  must be pa id  

t o  fus ion  devices i s  i n  t h e  area o f  t r i t i u m  containment. The a n a l y t i c a l  

models re1 a t i n g  re lease o f  triti um t o  exposure t o  humans c u r r e n t l y  

e x i s t .  I n  add i t ion ,  t h e  e f f e c t s  o f  t r i t i u m  on the  popu la t ion  f o r  a  

given exposure a re  a l so  f a i r l y  we l l  understood a t  t h i s  t ime. What i s  

requ i red  i s  f o r  an a u t h o r i t a t i v e ,  i n t e r n a t i o n a l  group t o  put  the  two 

together  t o  establ  i s h  re lease 1  i m i t s  s p e c i f i c a l  l y  f o r  D-T f u s i o n  devices. 

These qu ide l i nes  a r e  necessary be fore  INTOR progresses i n t o  the  d e t a i l e d  

desi gn phase. 

There are  a l so  two regu la t i ons  c u r r e n t l y  i n  f o r c e  i n  some c o u n t r i e s  

which cou ld  p lace undue c o n s t r a i n t s  on INTOR. The f i r s t  i s  t he  20 g  

l i m i t  on the  amount o f  t r i t i u m  i n  approved shipping containers. To 

supply i n i t i a l  i nven to r i es  o f  several k i  1  ograms cou ld  r e q u i r e  an unduly 

l a r g e  number o f  shipments. There i s  no insurmountable problem here, 

o n l y  t he  t ime delays associated w i t h  the  design o f  l a r g e r  conta iners  and 

regu la to ry  1  i cens i  ng o f  such un i t s .  The second problem i s  w i t h  the  

c u r r e n t  accountabi l  i t y  prac t ices .  It i s  c u r r e n t l y  requ i red  ( a t  l e a s t  

i n  the USA) t h a t  t.he e n t i r e  t r i t i u m  inven to ry  o f  a  f a c i l i t y  be es tab l ished 
I 

t o  the nearest 0.01 g  tw i ce  a  year. Considering t h a t  i n v e n t o r i e s  o f  

about 3 kg could e x i s t  i n  INTOR and t h a t  5-10 kg lyear  might be burned 

up, such a  s t r i c t  account ing may be impossible. The regu la t i ons  should 

be examined t o  see i f  such a  1  i m i t  can be ra i sed  f o r  INTOR o r  i f  such a  

l i m i t  i s  even appropr iate f o r  such a  t e s t  device. 



At  t h e  p resen t  ' t ime, t h e  o n l y  m a t e r i a l  i n  INTOR which migh t  be 

sub jec ted  t o  safeguards requi rements i s  t r i t i u m .  It i s  c u r r e n t l y  . 

des ignated as a s e n s i t i v e ,  r a t h e r  than  a s t r a t e g i c ,  m a t e r i a l  because o f  

i t s  h i g h  va lue  (about  4000 t o  8000 $/g). It i s  a n t i c i p a t e d  t h a t  t h i s  

s t a t u s  w i l l  n o t  change f o r  INTOR. 

S p e c i f i c  r e g u l a t i o n s  f o r  t h e  con t inued  exposure o f  i n d i v i d u a l s  t o  

h i g h  magnet ic f i e l d s  a r e  a1 so needed. A t  t h e  present ,  t h e  p r a c t i c e  i n  

t he  f i e l d  i s  t o  use ad hoc va l  ues f rom t h e  a c c e l e r a t o r  f i e l d ,  which may 

o r  may n o t  s tand up t o  t h e  c l o s e  s c r u t i n y  o f  s a f e t y  r ev i ew  panel s. 

Guide1 i n e s  c u r r e n t l y  e x i s t  f o r  t h e  use o f  n o n - i o n i z i  ng microwave 

r a d i a t i o n ,  b u t  few, i f  any, r e g u l a t i o n s  e x i s t  f o r  rf hea t i ng  sources 

t h a t  m igh t  be used i n  INTOR. Such r e g u l a t i o n s  should be e s t a b l i s h e d  i n  

t h e  n e x t  decade. 

Considerable i n v e s t i g a t i o n  has a1 ready been devoted t o  i d e n t i f i c a t i o n  

o f  acc iden t  sequences f o r  tokamak reac to r s .  Based on conceptual  

designs o f  commercial p l an t s ,  even t  t r e e s  ,have been cons t ruc ted  t o  

i d e n t i f y  acc iden t  scenar ios as an a id .  i n  improv ing t h e  s a f e t y  aspects  o f  

t h e  nex t  genera t ion  o f  conceptual  des igns and f o r  q u a n t i t a t i v e  

assessment o f  acc iden t  consequences. These event  t r e e s  a r e  n o t  usab le  

a t  t h i s  t i m e  t o  determine defendable va lues  o f  r i s k  ( p r o b a b i l i t y  o f  an 

acc iden t  t imes  t h e  consequence) because o f  a 1 ack o f  s p e c i f i c  r e a c t o r  

.des ign d e t a i l s  and l a c k  o f  an adequate da ta  base f o r  component f a i l u r e  

ra tes .  Such a da ta  base should be developed; however, i t  w i l l  n o t  

1 i k e l y  be s u f f i c i e n t l y  devel  oped i n  t i m e  f o r  q u a n t i t a t i v e  appl  i c a t i o n  t o  

INTOR. The s t a t e  o f  development o f  mechan is t i c  computer models f o r  

f u s i o n  r e a c t o r  acc iden t s  i s p r e l  im inary .  F u r t h e r  devel  opment i s  

needed i f  defendable s a f e t y  analyses a r e  t o  be done f o r  INTOR o t h e r  than 



"worst  case" analyses. The codes w i l l  a l s o  need t o  be v e r i f i e d  by  

comparison w i t h  exper imental  da ta  f rom we1 1 - cha rac te r i zed  and 

inst rumented sa fe ty - re1  ated experiments, which a r e  j u s t  s t a r t i n g  t o  be 

performed. 
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