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The Annual Report  f o r  1974 on Con t ro l l ed  Thermonuclear Reactor Technology c o n s i s t s  o f  

p rogress sumnaries o f  research conducted by t h e  s t a f f  o f  P a c i f i c  Northwest Labora to r i es  

(PNL). The ERDA D i v i s i o n  o f  C o n t r o l l e d  Thermonuclear Research i s  a major  sponsor o f  t h e  

work. However, f u s i o n - r e l a t e d  work sponsored by  o t h e r s  i s  a1 so i nc luded  as app rop r ia te .  

The summaries a r e  presented i n  th ree  major  ca tego r ies  o f :  

System Design and Ana lys i s  

M a t e r i a l s  Research and Rad ia t i on  Environment S imu la t i on  

Environmental E f f e c t s  

A t  t he  beg inn ing o f  each s e c t i o n  i s  a b r i e f  summary of t he  r e p o r t s  making up t h e  sec t i on .  

The r e p o r t s  themselves have been kep t  r e l a t i v e l y  s h o r t  and i n c l u d e  p r e l i m i n a r y  r e s u l t s  

which u l t i m a t e l y  a r e  expected t o  be pub l ished elsewhere. Because o f  t h i s ,  t h e  reader  i s  

caut ioned t h a t  t h e  r e s u l t s  may be m o d i f i e d  be fo re  they  a r e  f i n a l i z e d .  I n  some cases, 

re fe rence  i s  made t o  more complete r e p o r t s  t h a t  a r e  a v a i l a b l e  now. 
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ANNUAL REPORT FOR 1974 ON 

CONTROLLED THERMONUCLEAR REACTOR TECHNOLOGY 

ERDA RESEARCH AND DEVELOPMENT REPORT 

Over t h e  l a s t  25 yea rs  c o n t r o l l e d  thermonuclear research has emphasized t h e  containment 

o f  f u s i o n  plasma t o  demonstrate s c i e n t i f i c  f e a s i b i l i t y  o f  o b t a i n i n g  more energy from 

f u s i o n  r e a c t i o n s  than i s  supp l i ed  t o  the  plasma. Recent successes i n  plasma con ta in -  

ment have caused s c i e n t i s t s  t o  l ook  beyond p l  asma confinement problems and i d e n t i f y  

f us ion  r e a c t o r  eng ineer ing problems which need s o l u t i o n s  be fo re  u s e f u l  power can be p ro -  

duced. Some fundamental and a p p l i e d  s c i e n t i f i c  problems c o u l d  q u i t e  p o s s i b l y  l i m i t  

thermonuclear r e a c t o r  development even a f t e r  s c i e n t i f i c  f e a s i  b i  1 i t y  i s  a t t a i n e d .  Eva1 u- 

a t i o n s  by PNL ove r  the  l a s t  f i v e  years  have r e s u l t e d  i n  t h e  i n i t i a t i o n  o f  research and 

L development e f f o r t s  i n  some eng ineer ing technology areas.  

The PNL s t a f f  has been s tudy ing  f u s i o n  techno logy i n  areas such as economics, f us ion -  

f i s s i o n  h y b r i d  concepts, m a t e r i a l s ,  neu t ron i cs ,  environment and s a f e t y .  These s t u d i e s  

have been scoped t o  make e f f i c i e n t  use o f  ERDA resources,  and t o  complement and suppor t  

e f f o r t s  a t  o t h e r  1 abo ra to r i es .  

Areas o f  study w i t h  o t h e r  l a b o r a t o r i e s  i n  1974 i n c l u d e  t h e  des ign o f  f u s i o n  reac to rs ,  t h e  

understanding o f  m a t e r i a l  p r o p e r t i e s ,  and t h e  environmental  e f f e c t s  o f  f u s i o n  r e a c t o r  power 

p l a n t s .  I n  f u s i o n  r e a c t o r  des ign,  PNL s t a f f  c o n t r i b u t e d  t o  Tokamak r e a c t o r  des ign e f f o r t s  

a t  t he  U n i v e r s i t y  o f  Wisconsin i n  t h e  areas o f  economic assessment, t he  c o m p a t i b i l i t y  o f  

he1 ium and 1 i t h i  um cool  an ts  w i t h  s t r u c t u r a l  m a t e r i a l s ,  and t h e  technology o f  t r i t i u m  hand1 i n g  

and containment. A cooperat ive  s tudy o f  t h e  design o f  a f u s i o n - f i s s i o n  h y b r i d  r e a c t o r  and 

based upon the m i r r o r  concept of plasma confinement was c a r r i e d  o u t  w i t h  the  s t a f f  o f  Lawrence 

Livermore Laboratory .  I n  a d d i t i o n ,  PNL s t a f f  c o n t r i b u t e d  t o  s t u d i e s  c a r r i e d  o u t  a t  Lawrence 

Livermore Labora to ry  on des ign of a Fus ion Eng ineer ing Research Fac i  li t y  (FERF). 

I n  m a t e r i a l s  research,  PNL su r face  s c i e n t i s t s  worked w i t h  Lawrence Livermore Laboratory,  

Argonne Nat iona l  Laboratory ,  Massachusetts I n s t i t u t e  o f  Technology and Atomics I n t e r -  

n a t i o n a l ,  and p a r t i c i p a t e d  i n  d iscuss ions a t  Harwell (Un i ted  Kingdom) and a t  several  

l a b o r a t o r i e s  i n  Russia. A study,  Body Centered Cubic I n t e r l a b o r a t o r y  I o n  Bombardment 

C 
C o r r e l a t i o n  Experiment, was es tab l  i shed  i n v o l v i n g  seven U. S .  1 abo ra to r i es .  Stud ies  a r e  

planned on i o n  bombardment i n  cooperat ion  w i t h  t h e  Naval Research Laboratory,  and on 

mechanical p r o p e r t i e s  i n  a j o i n t  e f f o r t  w i t h  Hanford Eng ineer ing Development Laboratory .  

w Documentation o f  t h e  s t a t u s  of i n s u l a t o r  technology was addressed i n  cooperat ion  w i t h  



B a t t e l l  e ' s  Columbus Labora to r i es ,  and a  rev iew o f  f a b r i c a t i o n  techno loqy has been 

i n i t i a t e d  w i t h  McDonnell Douglas and B a t t e l  le-Columbus. 

I n  depth d iscuss ions have been h e l d  w i t h  s c i e n t i s t s  f rom severa l  l a b o r a t o r i e s  on t h e  

environmental  e f f e c t s  o f  f u s i o n  power p l a n t s .  These d iscuss ions i nc luded  f u s i o n  r e a c t o r  

designs, magnet ic technology,  b i o l o g i c a l  e f f e c t s  o f  magnetism and t r i t i u m  technoloqy.  

Progress d u r i n g  1974 a r e  summarized i n  areas o f  systems des ign and analyses,  m a t e r i a l s  

research,  and environmental  e f f e c t s .  Since c o n t r o l  1  ed thermonuclear r e a c t o r  designs 

a r e  o n l y  conceptual  a t  t h i s  t ime,  t h e i r  c h a r a c t e r i s t i c s  a r e  ve ry  t e n t a t i v e  and the  

economics o f  va r ious  designs can o n l y  be s t u d i e d  i n  a  ve ry  p r e l i m i n a r y  way. An envelope 

o f  r e a c t o r  c h a r a c t e r i s t i c s  i s  be ing  developed and analyzed t o  determine CTR o p e r a t i n g  

c h a r a c t e r i s t i c s  necessary t o  achieve a  s a t i s f a c t o r y  r e t u r n  on research investment .  One 
d 

concept t h a t  has some unique b e n e f i t s  i s  t h e  f u s i o n - f i s s i o n  h y b r i d  i n  wh ich a  f i s s i o n  

b l a n k e t  i s  p laced around a  f u s i o n  core .  Thus, s t u d i e s  a re  i nc luded  t o  i d e n t i f y  economic 

regimes f o r  t h e  h y b r i d  concept.  2 

Improvements i n  a n a l y t i c a l  c a p a b i l i t y  a r e  be ing sought t o  improve t h e  v a l i d i t y  o f  t ech -  

n i c a l  bases f o r  C'TR des ign and t h e  t r a n s f e r  o f  technology t o  i n d u s t r i a l  capab i l  i t y .  

Present s t u d i e s  d i r e c t e d  toward these goa ls  i n v o l v e  t h e  a c q u i s i t i o n  o f  improved nuc lea r  

da ta  and data  f i l e s ,  and t h e  t r a n s f e r  o f  technology t o  i n d u s t r i a l  c a p a b i l i t y .  These 

s t u d i e s  a r e  be ing pursued as p a r t  o f  t h e  h y b r i d  r e a c t o r  des ign program. 

S t r u c t u r a l  and c o o l a n t  m a t e r i a l s  a p p l i c a b l e  t o  CTR concepts a re  be ing s t u d i e d  t o  d e t e r -  

mine damage e f f e c t s  t h a t  c o u l d  a f f e c t  f a b r i c a t i o n  and performance o f  CTR components. 

For  example, damage mechanisms which m igh t  a f f e c t  t h e  f i r s t  w a l l ,  o r  t he  use o f  

g r a p h i t e  i n  t h e  b l a n k e t  and/or s h i e l d  reg ions ,  a r e  being i n v e s t i g a t e d .  I n  a d d i t i o n ,  

s t u d i e s  a r e  be ing  made on m a t e r i a l  c o m p a t i b i l i t y  w i t h  he l i um coo lant  and t h e  e f f e c t s  o f  

he l i um on t h e  mechanical p r o p e r t i e s  o f  vanadium and niobium. Methods f o r  produc ing c e r -  

t a i n  i n s u l a t o r  coa t i ngs  and b a r r i e r  sur faces a r e  i n  t h e  exper imental  stage and t e s t s  o f  

t he  r e s u l t i n g  coa t i ngs  a r e  be ing planned. 

Environmental assessments a re  be inq made on t h e  bas i s  o f  i n f o r m a t i o n  a v a i l a b l e ,  t o  h e l p  

i d e n t i f y  impacts t h a t  might  i n d i c a t e  m o d i f i c a t i o n  o f  research and development s tud ies .  

Technical  a n a l y s i s  has begun where i n f o r m a t i o n  i s  a v a i l a b l e .  A rev iew o f  a v a i l a b l e  

i n f o r m a t i o n  i s  i n  progress t o  make recommendations f o r  a d d i t i o n a l  da ta  where needed t o  

he lp  assure  t h e  p r o t e c t i o n  o f  t he  p u b l i c  and t h e  environment. 



SYSTEM DESIGN AND A N A L Y S I S  

The c o n t r i b u t i o n  which fus ion  r e a c t o r s  can make t o  t h e  U.S. power economy depends n o t  

o n l y  on t h e i r  performance b u t  on the performance o f  competing systems. An economic 

regimes program i d e n t i f i e s  t h e  c h a r a c t e r i s t i c s  t h a t  a  CTR must have t o  achieve a  

s a t i s f a c t o r y  r e t u r n  on t h e  research investment.  Two s tud ies  have been completed i n  a  

p r e l i m i n a r y  fash ion .  Under the  energy c h a r a c t e r i s t i c s  assumed f o r  t he  s tud ies ,  i t  was 

found t h a t  t h e  CTR p e n e t r a t i o n  o f  t he  market i s  independent o f  LMFBR doub l i ng  over an 

8-15 y e a r  range and t h a t  t he  30-year present  wor th  c o s t  o f  $390 pe r  kWe i s  a  d e s i r a b l e  

maximum CTR cos t .  

Ass is tance was prov ided t o  the  U n i v e r s i t y  o f  Wisconsin s tudy team i n  d e f i n i n g  t h e  oper- 

a t i n g  c y c l e ,  t h e  p l a n t  f a c t o r  and t h e  e l e c t r i c i t y  p roduc t i on  c o s t  o f  t he  UWMAK-I con- 

ceptua l  power p l a n t .  Est imates i n c l u d e  opera t i ng  costs ,  f u e l i n g  costs ,  and c e r t a i n  

c a p i t a l  cos ts .  The r e s u l t s  a r e  be ing repo r ted  i n  U n i v e r s i t y  o f  Wisconsin r e p o r t s  f o r  

t he  conceptual  power p l a n t .  Plans have been made f o r  t he  development o f  s i m i l a r  

ope ra t i ng  and economic c h a r a c t e r i s t i c s  f o r  t h e  UWMAK-I1 conceptual  power p l a n t .  

Analyses o f  c o n t r o l l e d  thermonuclear r e a c t o r s  c o n t a i n i n g  a  f i s s i o n  b lanke t  has revea led 

some unique bene f i t s .  As a  r e s u l t ,  s tud ies  a r e  be ing conducted t o  i d e n t i f y  CTR f u s i o n -  

f i s s i o n  h y b r i d  economic regimes and t o  eva lua te  p o s s i b l e  techno logy combinations. A  

reg iona l  e l e c t r i c a l  supply model w i t h  parameters i n  a  form which can be compared t o  

a1 t e r n a t e  power sources a r e  be ing s tud ied  t o  determine t h e  present  wor th  cos ts  and 

b e n e f i t s  which w i l l  a1 low s u b s t a n t i a l  p e n e t r a t i o n  o f  t he  energy market  by t h e  h y b r i d  

CTR. The r e s u l t s  w i  11 p rov ide  f u t u r e  t rends  o f  performance c h a r a c t e r i s t i c s  f o r  pure  

f u s i o n  CTR, and CTR hybr id ,  designs w i t h  acceptab le  b e n e f i t  t o  c o s t  r a t i o s .  A d d i t i o n a l  

work i s  expected t o  i n c l u d e  t h e  d e f i n i t i o n  o f  optimum f i s s i l e  t o  e l e c t r i c a l  p roduc t i on  

r a t i o s  and t o  l ook  f o r  s y n e r g i s t i c  h y b r i d  designs.  

The f u s i o n - f i s s i o n  h y b r i d  r e a c t o r  i s  a  concept which i nvo l ves  elements o f  both f i s s i o n  

and f u s i o n  technology.  Because o f  t he  many combinat ions poss ib le ,  an approach has been 

developed t o  eva lua te  t h e  p o t e n t i a l  o f  va r ious  combinat ions o f  technology.  'The p o s s i b l e  

combinat ions a r e  viewed as elements of a  m a t r i x  having fus ion  technology as one dimen- 

s i o n  and f i s s i o n  technology as the  o the r .  The o b j e c t i v e  o f  t h e  s tudy i s  t o  i d e n t i f y  

t h e  techn ica l  f e a s i b i l i t y  o f  e l e c t r i c a l  power p roduc t i on  by  va r ious  combinat ions o f  

f i s s i o n  and f u s i o n  technology.  The combinat ions can then be ranked t o  i d e n t i f y  t he  most 

promis ing ones as candidates f o r  l a t e r ,  more ex tens i ve  eng ineer ing des ign s tud ies .  

A c o n s i s t e n t  h y b r i d  des ign based on the  m i r r o r  f u s i o n  r e a c t o r  was developed as p a r t  o f  a  

coopera t i ve  program w i t h  t h e  Lawrence Livermore Laboratory .  Wherever poss ib le ,  c u r r e n t  



technology was used f o r  t h e  f i s s i o n  and m i r r o r  f u s i o n  segments o f  t he  h y b r i d .  Basic 

des ign o b j e c t i v e s  were t o  produce e l e c t r i c a l  power, produce as much t r i t i u m  as consumed, 

and produce more f i s s i o n a b l e  m a t e r i a l  than consumed. It was concluded t h a t  i t  i s  pos- 

s i b l e  t o  b u i l d  a  m i r r o r  h y b r i d  f u s i o n  r e a c t o r  which cou ld  be a  v i a b l e  e l e c t r i c a l  power 

source. I n  a d d i t i o n  t h e  probab le  breed ing o f  bo th  f i s s i l e  m a t e r i a l  and t r i t i u m  has 

been conf i rmed by d e t a i l e d  c a l c u l a t i o n s  o f  t he  behavior  o f  t he  b l a n k e t  through an 

extended opera t i ng  pe r iod .  A s a f e t y  assessment has shown t h a t  t h e  f i s s i o n  l a t t i c e  i s  

expected t o  remain s u b c r i t i c a l  and t h a t  f i s s i o n  fue l  me1 tdown should n o t  occur w i t h  l o s s  

o f  c o o l a n t .  

Ass is tance was prov ided Lawrence Livermore Laboratory  i n  t h e  development o f  a  concept 

f o r  a  Fusion Eng ineer ing Research F a c i l i t y .  Pr imary i n p u t  was i n  the  area o f  remote 

assembly and disassembly w i t h  o t h e r  i n p u t s  i n  the  t e s t  loops and sample hand l i ng  areas.  - 
V a l i d  t e c h n i c a l  bases f o r  CTR des ign and t r a n s f e r  o f  t he  technology t o  i n d u s t r y  c a p a b i l -  

i t y  r e q u i r e  the a c q u i s i t i o n  of improved nuc lear  da ta  and da ta  f i l e s ,  and an improved 
r )  

a n a l y t i c a l  capabi l'i t y .  Data d e f i c i e n c i e s  a r e  be ing  de f i ned  by c r i t i c a l  rev iew o f  

data used i n  t h e  a n a l y s i s  o f  f u s i o n  r e a c t o r  systems i n c l u d i n g  h y b r i d  reac to rs .  

Improved data and data  f i l e s  a re  obta ined by e v a l u a t i o n  and through p a r t i c i p a t i o n  i n  

t h e  c ross -sec t i on  e v a l u a t i o n  working group o f  t h e  U.S. Nuc lear  Data Committee. 

Two t e c h n i c a l  developments were made i n  the process o f  per forming m i r r o r  h y b r i d  

design analyses which enhance a n a l y t i c a l  c a p a b i l i t y  f o r  CTR design and analyses i n  

genera l .  Programs FUSEP and TRUTH were developed f o r  t h e  c a l c u l a t i o n  o f  t he  energy 

d i s t r i b u t i o n  o f  source D-T neutrons f rom i n j e c t e d  machines and the c a l c u l a t i o n  o f  

s teady -s ta te  and t r a n s i e n t  thermal performance o f  t h e  m i r r o r  h y b r i d  b lanket ,  

r e s p e c t i v e l y .  



CTR Economic Regimes Overview 

DE Deonig i ,  JR Young 

The c o n t r i b u t i o n  wh ich  f u s i o n  r e a c t o r s  can make t o  t he  U. S.  power economy w i l l  n o t  o n l y  

depend on t h e i r  performance b u t  on the  performance o f  competing systems. The economic 

regimes program i d e n t i f i e s  t h e  c h a r a c t e r i s t i c s  t h a t  a  CTR must have t o  ach ieve a  s a t i s -  

f a c t o r y  r e t u r n  on t h e  research investment.  Table 1  il l u s t r a t e s  the  r e l a t i o n s h i p  between 

energy system c h a r a c t e r i s t i c s  and i n d i v i d u a l  p l a n t  c h a r a c t e r i s t i c s  where t h e  30-yr  

p resen t  wor th  t o t a l  c o s t  i s  a  u n i t  which i s  common t o  bo th  systems. The e l e c t r i c a l  

system c h a r a c t e r i s t i c s  d e f i n e  the  r e q u i r e d  30-yr  p resen t  wor th  c o s t  t o t a l  t h a t  t he  CTR 

must achieve.  The p l a n t  c h a r a c t e r i s t i c s  d e f i n e s  t h i s  present  wor th  c o s t  t o t a l  t o  de te r -  
L mine t h e  i n d i v i d u a l  p l a n t ' s  performance. Two p r e l i m i n a r y  s t u d i e s  use t h e  f o l l o w i n g  s e t  

o f  energy sys tern c h a r a c t e r i s t i c s  . 
Energy Demand i s  p r o j e c t e d  i n  F i q u r e  1  th rough yea r  2030 w i t h  growth r a t e s  i n d i c a t e d  

f o r  t h e  b e s t  es t ima te  t h a t  was used. 

- The Des i red  B e n e f i t  Cost  r a t i o  i s  10, based on r e c e n t  LMFBR s tud ies .  

The LMFBR Performance i s  assumed t o  be i n t roduced  i n  yea r  1990 w i t h  t h e  performance 

c h a r a c t e r i s t i c s  desc r i bed  i n  Table 2. 

R&D Cost o f  $9.5 b i l l i o n  i s  assumed which t r a n s l a t e s  i n t o  a  p resen t  wo r th  R&D c o s t  

inves tment  o f  $2.8 b i  11 i o n  when t h e  t ime  dependent p a t t e r n  of expend i tu re  i s  i nc luded .  

I n t r o d u c t i o n  Date f o r  t he  CTR i s  assumed t o  be yea r  2000. 

D iscount  Rate f o r  R&D expend i tu res  and b e n e f i t s  i s  7.5% pe r  yea r  based on r e c e n t  

LMFBR s tud ies .  

I n t r o d u c t i o n  Rate f o r  t h e  new CTR techno logy i s  r e s t r i c t e d  t o  130 GWe i n  t h e  

f i r s t  e i g h t  yea rs .  

TABLE 1. CTR Economic Regimes 

P l a n t  C h a r a c t e r i s t i c s  

C a p i t a l  
O&M 
Conversion E f f i c i e n c y  
Fuel Costs 
I n t e r i m  C a p i t a l  Repi acement 
D iscount  Rate 
Load Fac to r  

30-yr  
Present Worth 

Cost T o t a l  

Energy Systems C h a r a c t e r i s t i c s  

Energy Demand 
Des i red  B/C R a t i o  
FBR Performance 
R&D Cost 
I n t r o d u c t i o n  Date 
D iscoun t  Rate 
Rate o f  I n t r o d u c t i o n  



The r e s u l t s  o f  p r e l i m i n a r y  cases i n d i c a t e  t h a t :  

1  ) For  the energy demand growth r a t e  assumed, the CTR p e n e t r a t i o n  o f  t h e  market  i s  

independent of LMFBR doub l i ng  t ime  over t h e  8- t o  15-yr  ranae i n d i c a t e d  i n  Table 2. 

2 )  The CTR p a r t i c i p a t i o n  i n  t h e  e l e c t r i c a l  power economy w i l l  be 3,000 GWe by yea r  2030. 

3 )  T h i r t y - y e a r  present  wor th  c o s t  t o t a l  o f  $390/kWe i s  t he  maximum CTR c o s t  des i red.  

The economic regimes program i s  con t i nu ing  t o  i n v e s t i g a t e  o t h e r  energy system charac te r -  

i s t i c s  s e n s i t i v i t i e s  t o  b e t t e r  d e f i n e  the  t a r g e t  c o s t .  A t o p i c a l  r e p o r t  i s  be ing prepared 

which w i  11 summarize the  r e s u l  t s .  

TABLE 2. LMFBR C h a r a c t e r i s t i c s  

C a p i t a l  Cost, T o t a l  

Heat T rans fe r  
Reactor System 

S ize  

Net Thermal E f f i c i e n c y  

Doubl ing  Time 

Fuel Cycle, T o t a l  

F a b r i c a t i o n  
Reprocessing 
Sh ipp ing 

Load Factor  

2,000 MWe 

8 t o  15 years  

FIGURE 1. P ro jec ted  E l e c t r i c a l  Capac i ty  Requirements 
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Operat ing and economic c h a r a c t e r i s t i c s  o f  t h e  UWMAK-I conceptual  power p l a n t  was developed 

by PlVL and the U n i v e r s i t y  o f  Wisconsin s tudy  team. A d e f i n i t i o n  was made o f  t he  r e a c t o r  

ope ra t i ng  cyc le ,  t he  p l a n t  f a c t o r ,  and the e l e c t r i c i t y  p roduc t i on  cos t .  

The opera t i ng  c y c l e  i s  t he  sequence o f  events between two consecut ive  t imes when the  r e a c t o r  

i s  empty and ready t o  operate.  Between two such t imes the  r e a c t o r  i s  loaded w i t h  f u e l ,  t he  

f u e l  i s  i q n i t e d  , the re  i s  a  f u e l  burn per iod,  the  burn i s  terminated,  and t h e  r e s i d u a l  f u e l  

i s  pumped o u t  o f  the  r e a c t o r .  D e f i n i t i o n  of t h e  ope ra t i ng  c y c l e  r e q u i r e s  s tudy o f  t h e  

ope ra t i ng  c h a r a c t e r i s t i c s  o f  t he  r e a c t o r  and i t s  a u x i l i a r y  equipment t o  determine the  
.c 

sequence and t i m i n g  o f  t h e  ope ra t i ng  events necessary t o  complete the ope ra t i ng  cyc le .  

The p l a n t  f a c t o r  i s  de f i ned  as the  percent  a t ta inmen t  o f  t he  power genera t i on  t h a t  would 

occur i f  the p l a n t  operated 100% o f  the  t ime a t  t h e  des iqn power l e v e l .  Determinat ion o f  

the  p l a n t  f a c t o r  r e q u i r e d  e s t i m a t i o n  o f  f o u r  f a c t o r s :  

1 )  The l e n g t h  o f  t he  b i e n n i a l  w a l l  replacement outages. 

2 )  The amount o f  o t h e r  outage t ime  due t o  misce l laneous maintenance, p l a n t  m o d i f i -  

ca t i ons ,  and t ransmiss ion  system abnormal c o n d i t i o n s .  

3 )  The average l e n g t h  o f  the  r e a c t o r  burn pe r iods .  

4 )  The average l e n g t h  o f  t he  r e a c t o r  r e j u v e n a t i o n  pe r iods  between burn pe r iods .  

General c o r r e l a t i o n s  r e l a t i n g  the  p l a n t  f a c t o r  t o  these f o u r  f a c t o r s  were developed. 

Ana lys i s  o f  these c o r r e l a t i o n s  showed t h a t  an 80% p l a n t  f a c t o r  can be achieved w i t h  

reasonable va lues f o r  these four  f a c t o r s .  

The e l e c t r i c i t y  p roduc t i on  c o s t  was determined by  e s t i m a t i n g  the  c a p i t a l ,  ope ra t i ng ,  and 

f u e l i n g  cos ts  f o r  UWMAK-I. The c a p i t a l  cos ts  were es t imated by  use o f  the  standard Federal 

Power Commision c a p i t a l  c o s t  summary forms. The cos ts  f o r  the  major equipment i tems and 

s t r u c t u r e s  were prov ided by Babcock and W i l  cox, and Sargent and Lundy Engineers. The 

remainder o f  the c a p i t a l  c o s t s  were es t imated by PNL and t h e  U n i v e r s i t y  o f  Wisconsin by  

use o f  standard c o s t  e s t i m a t i n g  procedures. Operat ing cos ts  were obta ined by es t ima t ing  

the  s i z e  o f  the  ope ra t i on  and maintenance fo rce ,  the  na tu re  o f  t h e  maintenance a c t i v i t i e s ,  

and t h e  probab le  use o f  m a t e r i a l s  and supp l i es .  Normal ope ra t i ng  cos ts  such as suppor t  

L se rv i ces  , general  and a d m i n i s t r a t i v e ,  and work ing c a p i t a l  requirements were inc luded.  

Fue l i ng  cos ts  were determined by e s t i m a t i n g  f u e l  consumption and losses and then mu1 t i p 1  y- 

i n g  by the c u r r e n t  market  p r i c e s .  

t 

Preparat ions were made f o r  development o f  these opera t i ng  and economic c h a r a c t e r i  s t i  cs f o r  

t he  UWMAK-I1 conceptual  power p l a n t  e a r l y  i n  CY-1975. 



CTR Fus ion -F i ss ion  H y b r i d  Regimes 

DE Deonigi ,  RL Watts 

I n  the ana lys i s  o f  c o n t r o l l e d  thermonuclear r e a c t o r s  adding a f i s s i o n  b l a n k e t  t o  t h e  f u s i o n  

c o r e  r e v e a l s  unique b e n e f i t s .  These b e n e f i t s  a re  reduced f i r s t  w a l l  l oad ing ,  a  r e d u c t i o n  

i n  the plasma performance requ i red  f o r  o v e r a l l  thermodynamic breakeven, and improved u t i l  i- 

z a t i o n  o f  excess neutrons produced by t h e  plasma. 

O r d i n a r i l y  most o f  the energy recovered i n  a  CTR w i l l  be generated i n  t h e  plasma, t r a n s -  

f e r r e d  through t h e  f i r s t  w a l l  and recovered i n  a  s u i t a b l e  b l a n k e t  e x t e r n a l  t o  t h e  plasma. 

I n  a  h y b r i d  r e a c t o r  hav ing a  f i s s i o n  b lanke t ,  much o f  t h e  energy can be generated i n  the 

b l a n k e t  and thus t h e  f i r s t  w a l l  l o a d i n g  can be reduced by a  f a c t o r  as l a r g e  as 10 t o  1. 

Th is  reduced load ing  can lengthen the  l i f e  from t h e  2 years  t y p i c a l l y  assumed. The 

economics o f  CTR energy p roduc t i on  can be improved through t h e  increased p l a n t  a v a i l a b i l i t y  d 

r e s u l  t i  ng f rom reduced f i r s t  w a l l  r e p a i r s  and rep1 acement. 

The power a m p l i f i c a t i o n  i n  the b lanke t  which reduces the f i r s t  w a l l  l o a d i n g  w i l l  a l s o  

reduce the plasma performance r e q u i r e d  f o r  thermodynamic breakeven o f  t h e  p l a n t .  The 

excess neut rons can be u t i l i z e d  i n  an app rop r ia te  b l a n k e t  t o  generate f i s s i l e  f u e l  f o r  

1  i g h t - w a t e r  o r  high-tempera t u r e  gas cooled reac to rs .  

S p e c i f i c  b lanke t  designs w i l l  va ry  i n  t h e  amount o f  power produced and t h e  amount o f  f u e l  

bred.  Such b lanke ts  m igh t  be cha rac te r i zed  as power producers a t  one extreme and f u e l  

f a c t o r i e s  a t  the  o the r .  

Since d e t a i l e d  designs do n o t  e x i s t  t h e  es t imated b e n e f i t s  and increased h y b r i d  cos ts  a r e  

expressed i n  d iscounted present  wor th  terms i n  a  fo rm which can be compared t o  a l t e r n a t i v e  

power sources. Assumed va lues can be used i n  PNL's r e g i o n a l  e l e c t r i c a l  supp ly  model t o  

determine the present  wor th  cos ts  and b e n e f i t s  which w i l l  a1 low s u b s t a n t i a l  p e n e t r a t i o n  o f  

t he  energy market  by the  h y b r i d  CTR. The d iscounted present  worth o f  t he  h y b r i d  b e n e f i t s  

a r e  compared t o  t h e  d iscounted present  c o s t s  ( i n c l u d i n g  Research & Development) t o  o b t a i n  

a  b e n e f i t - c o s t  r a t i o .  

The r e d u c t i o n  i n  plasma conf inement requirements i n d i c a t e s  t h a t  t he  h y b r i d  m i g h t  be a  

t r a n s i t i o n a l  phase ach ievab le  be fo re  f u l l  commerical CTR's. B e n e f i t - c o s t  r a t i o s  w i l l  be 

a f f e c t e d  i f  hyb r ids  a r e  i n t roduced  be fo re  s tandard CTR's. 

Resu l t s  o f  our  p r e l i m i n a r y  a n a l y s i s  f o l l o w ,  and they  i n d i c a t e  f u t u r e  t rends  i n  d e f i n i n g  d e s i r a b l e  * 



performance windows i n  CTR and CTR-hybrid r e a c t o r  designs t h a t  a r e  needed f o r  acceptab le  

b e n e f i t - c o s t  r a t i o s .  A d d i t i o n a l  o b j e c t i v e s  o f  f u t u r e  e f f o r t s  a r e  t o  de f i ne  optimum 

f i s s i  l e l e l e c t r i c a l  p roduc t i on  r a t i o s  and d i scove r  s y n e r g i s t i c  h y b r i d  designs.  

STUDY BASIS 

The i n v e n t o r y  and genera t i on  o f  f i s s i l e  f u e l  i s  a  key c o s t  element i n  a  h y b r i d  p l a n t .  

Table 3  shows the  f u e l  i n v e n t o r y  and burnup c h a r a c t e r i s t i c s  assumed f o r  t h e  r e g i o n a l  

e l e c t r i c a l  supp ly  study.  

TABLE 3. F i s s i l e  I nven to ry  and Annual Change -- 

F i s s i l e  Inven to ry  KG Change F i s s i l e  Annual 

Power producer h y b r i d  CTR 3,200 + I  ,900 

Fuel f a c t o r y  h y b r i d  CTR 800 +4,340 

HTGR 1,975 - 466 

PWR 1,756 - 520 

FBR 2,150 + 323 

The f i s s i l e  i n v e n t o r y  i s  p r i n c i p a l l y  p lu ton ium b u t  may c o n t a i n  s u b s t a n t i a l  amounts o f  

2 3 3 ~  and/or 2 3 5 ~  which a re  valued i n  t h e  model. 

Cap i ta l  cos ts  a r e  assumed t o  v a r y  accord ing t o  market  e n t r y .  The f o l l o w i n q  t a b l e  shows 

a r b i t r a r i l y  chosen c a p i t a l  cos ts  as a  f u n c t i o n  o f  t ime.  

TABLE 4. C a p i t a l  Costs, $/kW 

LWR 

HTGR 

FBR 

Hybr id ,  Case H-1 

Power 

Hybr id,  Case H-2 

Power 

Cost per  kWt f o r  the  f u e l  genera t i ng  r e a c t o r s  i s  assumed t o  be the  same as t h a t  f o r  t h e  

power produc ing r e a c t o r s  i n  Case H-1 and H-2. 



LINEAR PROGRAMMING MODEL RESULTS 

A  base case  was gene ra ted  (Tab le  5) assuming t h a t  t h e  CTR and CTR H y b r i d  were n o t  a v a i l a b l e .  

T h i s  base case s a t i s f i e d  t h e  energy  demand by  s p e c i f y i n g  enough LMFBR1s t o  make up t h e  

d e f i c i t  between l o w e r  c o s t  sources  and demand. I n  t h i s  s o l u t i o n  t h e  p l u t o n i u m  gene ra ted  

i n  t h e  LMFBR i s  consumed b y  t h e  LWR1s and HTGR1s. 

TABLE 5 .  E l e c t r i c a l  Gene ra t i ng  C a p a c i t y  (Number o f  1000 MWe P l a n t s )  

LWR HTGR LMFBR F o s s i l  H y b r i d  T o t a l  Year 

Base Case 

Case H-1 -- 

Case H-2 

I n  Case H-1 and H-2, t h e  CTR H y b r i d  was added. The f u e l  f a c t o r y  d i d  n o t  e n t e r  t h e  s o l u t i o n  

a t  t h e  assumed c o s t  b u t  reduced c o s t s  were o b t a i n e d  t o  a l l o w  e n t r y  o f  t h e  f u e l  f a c t o r y  a t  
4 

any t i m e .  The g e n e r a t i o n  o f  f u e l  i s  g r e a t e r  i n  t h e  h y b r i d  t h a n  i n  LMFBR's, t h e r e f o r e ,  

t h e  i n t r o d u c t i o n  o f  t h e  h y b r i d  i n  t h e  s o l u t i o n  r e s u l t s  i n  more c o m p a r a t i v e l y  l ow  c o s t  

LWR1s and HTGR1s b e i n g  b u i l t  i n  Case H-1 and H-2 t h a n  i n  t h e  base case.  * 



The g r e a t e r  f u e l  generat ion  o f  t h e  h y b r i d  causes a  decrease i n  the  "market p r i c e "  o r  

shadow p r i c e  o f  t h e  Pu as i n d i c a t e d  i n  Table 6  where p lu ton ium va lues i n  t h e  $5 range 

c o n t r a s t  w i t h  the  $30-$40 range o f  p lu ton ium va lue i n  t h e  c i r c a  2000 pe r iod  f o r  t h e  

base case. 

TABLE 6. P lu ton ium Value, $/g 

Year - 
1974 

1980 

1990 

2000 

201 0  

2020 

2030 

Case H-1 

2.08 

5.90 

16.97 

9.76 

7.75 

7.24 

3.86 

Case H-2 

2.27 

6.23 

16.49 

6.26 

4.73 

5.11 

2.89 

Base 

3.42 

8.15 

25.97 

45.45 

52.73 

40.90 

20.24 

BENEFIT COST RATIOS OF THE HYBRID 

Subs tan t i a l  b e n e f i t - c o s t  r a t i o s  r e s u l t  f rom t h e  h y b r i d  CTR program a t  t h e  assumed c a p i t a l  

cos ts  f o r  Case H-2 w i t h  the c o s t  o f  t he  h y b r i d  CTR program a t  approx imate ly  $10 b i l l i o n ,  

which i s  reduced by  p resen t  wor th  d i s c o u n t i n g  t o  about $3 b i l l i o n  a t  8%. 

Case H-2 shows a  p resen t  wor th  o f  f u t u r e  b e n e f i t s  o f  about $14 b i l l i o n  g i v i n g  a  b e n e f i t  

t o  c o s t  r a t i o  o f  about 5  where t h e  c a p i t a l  cos ts  o f  t h e  h y b r i d  were assumed t o  be 

$575/kWe a t  1990 decreasing t o  $548/kWe a t  2010 and beyond (due t o  t h e  l e a r n i n g  curve) .  

The i n f o r m a t i o n  obta ined f rom t h i s  a n a l y s i s  i s  b e t t e r  seen i n  pe rspec t i ve  as shown i n  

F igu re  2, where the assumed c a p i t a l  c o s t  i n  $/kWe i s  shown as a  f u n c t i o n  o f  t h e  f i s s i l e  

f u e l  p roduct ion .  The CTR w i t h o u t  breed ing b lanke t  i s  shown a t  t h e  l e f t .  The f u e l  

f a c t o r y  CTR which would generate about 4,200 kg /y r  o f  Pu i s  shown on t h i s  f i g u r e  r e f l e c t -  

i n g  the  reduced values ob ta ined  from Cases H-1 and H-2 even though they d i d n ' t  en te r  t h e  

s o l u t i o n .  

L. 

The FBR i s  t h e  n a t u r a l  re ference f o r  t h e  s tudy  s ince  i t  i s  t h e  a l t e r n a t e  means o f  s a t i s f y i n g  

energy demands i n  the  f u t u r e .  The $460/kWe c a p i t a l  c o s t s  shown as a  d o t t e d  1  i n e  y i e l d e d  

s a t i s f a c t o r y  bene f i  t - c o s t s  r a t i o s  i n  p rev ious  s tud ies  o f  t h e  FBR. 



\ iAARKE7 E N T R Y  

ANXCAL P i t  PRCDUCTION, kg 

FIGLIRE 2 .  Annual Pu Production, kg 

Future work i s  planned t o  bet ter  define the economic windows for  the hybrid CTR.  Additional 

values are needed to reasonably define the relat ionship between allowable capital  cos ts  and 

fuel versus energy production. Synergetic combinations and optimum values can r e su l t .  

Important parameters such as  introduction date and e l ec t r i ca l  demand leve ls  should be 

varied to determine the i r  e f f ec t  on the benefit  cost  r a t i o  obtained. 



E~laluation of Possible Fusion-Fission TechnoZogy Combinations 

DT Aase, RM Fleischman, BF Gore, CM Heeb, BR Leonard, Jr., DF Newman, WC Wolkenhauer 

The f u s i o n - f i s s i o n  h y b r i d  r e a c t o r  i s  a  concept which i n v o l v e s  elements o f  bo th  f i s s i o n  and 

f u s i o n  techno log ies .  T h i s  t ype  o f  r e a c t o r  m igh t  ve ry  w e l l  p l a y  a  u s e f u l  r o l e  i n  the  

scenar io  o f  e x p l o i t a t i o n  o f  f i s s i o n  power and the development o f  f u s i o n  power t o  comnerical 

scale.  The h y b r i d  r e a c t o r  cou ld  be developed sooner than CTRs on the  bas i s  o f  l e s s  

s t r i n g e n t  plasma requirements.  A l t e r n a t i v e l y ,  t he  h y b r i d  r e a c t o r  cou ld  extend t h e  supp ly  

o f  resources f o r  f i s s i o n  r e a c t o r s  by produc ing f i s s i l e  m a t e r i a l s  such as 2 3 3 ~  o r  p lu ton ium.  

It migh t  be a p p l i c a b l e  f o r  r e d u c t i o n  o f  waste produced i n  f i s s i o n  power reac to rs .  
4 

The concept o f  f u s i o n - f i s s i o n  h y b r i d  systems invo l ves  the  coup l i ng  o f  t he  ene rge t i c  

neutrons f rom f u s i o n  r e a c t i o n s  w i t h  f i s s i l e  o r  f e r t i l e  n u c l e i  t o  produce a  m u l t i p l i c a t i o n  

o f  t h e  f u s i o n  neut ron source s t r e n g t h  and, u l t i m a t e l y ,  t h e  p roduc t i on  o f  energy f rom 

nuc lear  f i s s i o n .  There appear t o  be two d i s t i n c t  c lasses o f  h y b r i d  reac to rs :  1 )  a  
r e a c t o r  which serves as an a d j u n c t  t o  f i s s i o n  r e a c t o r s  by produc ing f i s s i o n a b l e  m a t e r i a l s  

o r  reduc ing f i s s i o n a b l e  m a t e r i a l s  o r  reduc ing f i s s i o n  r e a c t o r  waste, and 2 )  a  s e l f -  

contained e l e c t r i c a l  power p l a n t  which meets i t s  own f i s s i o n a b l e  and f u s i o n a b l e  m a t e r i a l  

requirements.  

Stud ies  descr ibed i n  t h i s  r e p o r t  focused on the  second c l a s s  o f  h y b r i d  system by combining 

a  m i r r o r  f us ion  dev ice  w i t h  a  u ran ia - fue led ,  g raph i  te-moderated, gas-cool ed f i s s i o n  b lanke t  

t o  make a  se l f - con ta ined  e l e c t r i c a l  power p l a n t .  T h i s  i s  j u s t  one o f  t he  many p o s s i b l e  

combinat ions o f  f u s i o n  and f i s s i o n  systems. The range o f  p o s s i b i l i t i e s  may be seen by 

n o t i n g  t h a t  f us ion  neut rons f rom plasmas can be generated us ing  i n j e c t e d  machines o r  

i g n i t i o n  machines e i t h e r  of which may operate  on e i t h e r  D-D o r  D-T f u e l  cyc les .  The f i s s i o n  

b l a n k e t  may use e i t h e r  thermal neut ron systems o r  f a s t  neut ron systems and t h e r e  e x i s t  many 

combinat ions o f  neut ron moderator and heat t r a n s f e r  systems f o r  uranium, thor ium, o r  p l  u to -  

nium f u e l  cyc les .  To reduce the number o f  p o s s i b i t i e s  t o  a  manageable s e t  f o r  t h i s  s tudy,  

t h e  f u s i o n  and f i s s i o n  systems a r e  considered t o  opera te  o n l y  on cu r ren t ,  o r  c u r r e n t l y  

planned f u e l  cyc les .  Thus, t h e  f u s i o n  dev ices a r e  considered t o  operate on a  D-T c y c l e  

and t h e  f i s s i o n  f u e l  c y c l e s  a re  r e s t r i c t e d  t o  c u r r e n t  o r  near term i n d u s t r i a l  c a p a b i l i t y  

(e.g., u ran ia  and/or u r a n i a - p l u t o n i a  pe l  l e t  f u e l s  f o r  LWR's LMFBRs, and GCFBRs) . 

- 
The p o s s i b l e  combinat ions o f  f u s i o n  and f i s s i o n  systems i n t o  a  h y b r i d  r e a c t o r  may be viewed 

as elements o f  a  m a t r i x  hav ing f u s i o n  technology as one dimension and f i s s i o n  techno logy 

I 
as the o the r .  Such a  m a t r i x  i s  shown i n  F igu re  3, w i t h  cand idate  f u s i o n  techno log ies  



l i s t ed  across the top and developed f i s s ion  technologies l i s t e d  from top to  bottom in order 

of the s t a t e  of t h e i r  development. 

F U S I O N  TEC HNULOGY 

F I S S I O N  
TECHNOLUGY 

SOME STUDIES HAVE BEEN MADE IN  T H I S  AREA 

FIGURE 3.  Evaluation of Possible Hybrid Reactor Combinations 

LIGHT WATER MODERATED 
AND COOLED SYSTEMS 
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AND COOLED SYSTEMS 
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GAS COOLED SYSTEMS 

L I  QU I D METAL COOLED 
FAST BREEDER SYSTEMS 

GAS COOLED FAST 
BREEDER SYSTEMS 

MOLTEN SALT 
SYSTEMS 

The approach being used to  evaluate the possible combinations of technologies i s  i l l u s t r a t ed  

in Figure 4 .  Current descriptions of CTR and f i ss ion  reactor  systems are  being used to 

define the technology of each. The range of f i ss ion  technology considered i s  res t r ic ted  

to tha t  of current  manufacturing capabil i ty or  planned for  near term manufacture by 

industry. This r e s t r i c t i v e  view i s  taken t o  eliminate the need for  substant ial  additional 

investment in f i s s ion  techno1 ogy fo r  hybrid development. Design compati bi 1 i ty parameters 

for  both the plasma and the f i ss ion  blanket a re  defined to  aid the development of c r i t e r i a  

f o r  preliminary screening of the possible combinations. The design compatibi 1 i ty  parameters - 
developed to date a re  1 is ted in Tables 7 and 8. The design compatibility parameters along 

with other c r i t e r i a  in Table 9,  form the bases fo r  making a preliminary screening of 

possible combinations. w 
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FIGURE 4 .  E v a l u a t i o n  Approach f o r  t h e  H y b r i d  M a t r i x  S tudy  
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TABLE 7. Des ign  C o m p a t i b i l i t y  Parameters:  F i s s i o n  B l a n k e t  

SELECT CONCEPTS 

Coo lan t  C h a r a c t e r i s t i c s  

Temperatures 

Pressures  
F l o w r a t e s  

Magnet i c  F i e l d  C h a r a c t e r i s t i c s  

P i p i n g  Requirements 

N e u t r o n i c  L a t t i c e  C h a r a c t e r i s t i c s  

R e a c t i v i t y  

Hea t  G e n e r a t i o n  

Power D e n s i t y  - Average and Techn i ca l  S p e c i f i c a t i o n  
Values 

Range o f  F l e x i b i l i t y  i n  F i s s i o n  L a t t i c e  C h a r a c t e r i s t i c s  

C u r r e n t  Subsystems Costs 



TABLE 8 .  Design Cornpa t i  b i  1 i t y  Parameters : Pl  asma 

Type of  Neutrons and D i s t r i b u t i o n s  

B lanket  Volume C h a r a c t e r i z a t i o n  

Magnet Con f igu ra t i on  

S t r u c t u r a l  Requi rements 

Plasma I n j e c t i o n  
D i  v e r t o r  Design 
Vacuum Sys tem 

Cycle Time and Durat ion  

Cur ren t  Performance Range Consider ing Lawson C r i t e r i a ,  Wall Loadings, E tc .  

Subsystem Cqsts and S e n s i t i v i t y  t o  Operat ing Parameters 

TABLE 9. P re l  im ina ry  Screening C r i t e r i a  

Design C o m p a t i b i l i t y  

Neut ron i  c Compati b i  1 i t y  
S t r u c t u r a l  Compat~ b i  1 i t y  
Coolant  C o m p a t i b i l i t y  
Operat iona l  C o m p a t i b i l i t y  

Range o f  F l e x i b i l i t y  i n  Plasma & F i s s i o n  L a t t i c e  Technologies 

P o t e n t i a l  Func t i ona l  Capabi 1 i t y  ( i .  e., The Role) 

P o t e n t i a l  Hyb r id  Cost Reductions 

The p o t e n t i a l  f u n c t i o n a l  capab i l  i t y  ( i  .e., r o l e )  can be a c r i t e r i o n  f o r  screening.  However, 

f o r  the purposes o f  t h i s  study,  the r o l e  i s  l i m i t e d  t o  an e l e c t r i c a l  power p l a n t  produc ing 

more f i s s i o n a b l e  and f u s i o n a b l e  m a t e r i a l  than i t  consumes i n  a g i v e n  f u e l  cyc le .  Th is  

narrow view i s  taken p r i m a r i l y  because the d e s i g ~  s t u d i e s  performed t o  date  a r e  m o s t l y  

based upon t h i s  premise. 

Data sources used i n  making a p r e l i m i n a r y  rank ing  of  concepts f o r  p r e s e n t a t i o n  t o  a peer 

CTR comni t tee a re  shown i n  F i g u r e  4 .  When a f i n a l  rank ing  i s  e s t a b l i s h e d  a f t e r  peer 

rev iew and comment, a n a l y t i c a l  s tudy o f  key performance parameters f o r  t he  most l i k e l y  

concepts w i l l  be made t o  f i r m  up the  t e c h n i c a l  bas i s  f o r  t he  rank ing  o f  t he  systems. 



Preliminary Conceptual Design o f  a Mirror Hybrid Reactor 

WC Wolkenhauer, BR Leonard,  J r . ,  UP Jenqu in ,  CW S tewa r t ,  AM Su tey  o f  P a c i f i c  No r t hwes t  Labora-  
t o r i e s ;  RW M o i r  , JD Lee, RW Werner o f  Lawrence L i ve rmo re  L a b o r a t o r y ,  U n i v e r s i t y  o f  C a l i f o r n i a  

T h i s  s t u d y  was t o  de te rm ine  t h e  p o t e n t i a l  o f  t h e  h y b r i d  as  i n c o r p o r a t e d  i n  t h e  m i r r o r  

f u s i o n  r e a c t o r .  The u n d e r l y i n g  g u i d e l i n e  was t o  employ, wherever  p o s s i b l e ,  c u r r e n t  t ech -  

n o l o g y  f o r  t h e  f i s s i o n  and m i r r o r  f u s i o n  segments o f  t h e  h y b r i d .  The b a s i c  d e s i g n  o b j e c t -  

i v e s  were t o :  

1  ) Produce e l e c t r i c a l  power. 

2 )  Produce as much t r i t i u m  as  consumed. 

3 )  Produce more f i s s i o n a b l e  m a t e r i a l  t h a n  consumed. 

A  s a f e t y  c r i t e r i o n  was t o  m a i n t a i n  t h e  r e a c t o r  s u b c r i t i c a l  a t  a l l  t i m e s  e x p e c t i n g  t h a t  t h e  

system wou ld  n o t  have t o  employ emergency c o o l a n t  dev i ces .  

The m a j o r  t e c h n i c a l  s t u d i e s  accompl ished  were: 

Development o f  a  scope e n g i n e e r i n g  d e s i g n  h y b r i d  b l a n k e t  w i t h i n  t h e  gene ra l  p h y s i c a l  

and geome t r i ca l  gu ide1  i nes e s t a b l i s h e d  by  LLL. 

Development, w i t h  LLL, o f  t h e  parameters  o f  t h e  chosen r e f e r e n c e  system. 

Per formance o f  n e u t r o n i c  ana l yses  t o  p a r a m e t r i z e  t h e  per fo rmance o f  t h e  f i s s i o n  l a t t i c e  

p i t c h ,  f u e l  p a r t i c l e  s i z e ,  i n i t i a l  2 3 5 ~  enr ichment ,  i n i t i a l  2 3 5 ~  t o  2 3 9 ~ u  conve rs i on  

r a t i o ,  f i s s i o n  l a t t i c e  mu1 t i p l i c a t i o n ,  and f i s s i o n  power mu1 t i p l i c a t i o n .  

E v a l u a t i o n  o f  t h e  s t e a d y  s t a t e  and t r a n s i e n t  t he rma l  per fo rmance o f  t h e  b l a n k e t .  

C a l c u l a t i o n  o f  t h e  r a d i o a c t i v e  i n v e n t o r y  o f  b l a n k e t  m a t e r i a l s  f o r  s a f e t y  e v a l u a t i o n .  

The conceptua l  d e s i g n  was b u i l t  a round t h e  plasma c h a r a c t e r i s t i c s  as  d e f i n e d  b y  t h e  L i v e r -  

more group.  These plasma c o n d i t i o n s  a r e  expec ted  t o  be a t t a i n a b l e  w i t h  r easonab le  ex t r apo -  

l a t i o n s  o f  p r e s e n t  t echno logy .  These plasma c h a r a c t e r i s t i c s  a r e  shown i n  Tab le  10. The Y in -  
Yang c o i l  system f o r  t h i s  m i r r o r  h y b r i d  was fed b y  f o u r  h i gh -ene rgy  neu t ra l -beam i n j e c t o r s .  

PNL des igned a  h y b r i d  l a t t i c e  wh i ch  was o p t i m i z e d  f o r  power p r o d u c t i o n  and f i s s i l e - f e r t i l e  

a 
f ue l  u t i l i z a t i o n  t o  f i t  i n  t h e  d e s i g n  c o n f i g u r a t i o n .  The b l a n k e t  des i gn  c o n s i s t e d  o f  a  con- 

v e r t s r  r e g i o n  and a  therma l  f i s s i o n  l a t t i c e  r e g i o n .  The i n n e r  b l a n k e t  r e g i o n ,  c a l l e d  a  

c o n v e r t o r ,  c o n s i s t e d  o f  dep le ted -u ran ium-d iox i de ,  w i t h  t h e  u ran ium b e i n g  0.3% 2 3 5 ~  atom 

Y 
pe rcen t .  The c o n v e r t o r  and therma l  f i s s i o n  l a t t i c e  r e g i o n  a r e  shown i n  F i g u r e  5. The 



TABLE 10. M i r r o r  H y b r i d  Plasma C h a r a c t e r i s t i c s  

PLASMA 

E l  l i p s o i d  
3.5 m  r a d i u s  

NEUTRAL BEAM INJECTION 

150 keV 
500 Amperes 

68 MW(e) 

MAGNET 

10  m  r a d i u s  
C e n t r a l  F i e l d  = 1 .9  T e s l a  
M i r r o r  F i e l d  = 7 .1  Tes l a  

f i s s i o n  r e g i o n  c o n s i s t s  o f  s l i g h t l y  e n r i c h e d  DO2 f u e l  (1.35 w t %  2 3 5 ~ ) ,  g r a p h i t e  mode ra to r ,  - 
and h e l i u m  c o o l a n t .  The f i s s i o n  l a t t i c e  i s  used f o r  power m u l t i p l i c a t i o n .  

I - ITHIUM OUrER BREEDER 

COOLANT 
CHANNELS 

v 
l NNER BREEDER 

L A l l I C E  MODULE 

FIGURE 5 .  M i r r o r  H y b r i d  B l a n k e t  Modules 



A systems s tudy  i n l c u d i n a  therma l  h y d r a u l i c s  was done on t h i s  system wh i ch  r e s u l t e d  i n  t h e  

c h a r a c t e r i s t i c s  shown i n  Tab le  11. An a r t i s t ' s  c o n c e p t i o n  o f  t h e  r e a c t o r  i s  shown i n  

F i g u r e  6 w i t h  a  synops i s  o f  t he  ma jo r  m i l e s t o n e s  met i n  t h e  p r o j e c t .  

TABLE 11. M i r r o r  H y b r i d  Per formance Parameters 

E l e c t r i c a l  Power 664 MWe n e t  

C i r c u l a t i n g  Power 240 MWe 

Sys tem E f f i c i e n c y  32% 

Plasma Energy M u l t i p l i c a t i o n  0.94 

B l a n k e t  Power M u l t i p l i c a t i o n  40 x  14.1 MeV 

% 

The s t a t u s  o f  t h e  LLL m i r r o r  h y b r i d  d e s i g n  r e s u l t s  was r e p o r t e d  i n  two papers p resen ted  

a t  t h e  F i r s t  T o p i c a l  Conference on  t h e  Technology o f  C o n t r o l l e d  Nuc lea r  Fus ion  a t  San D iego  

- i n  A p r i l  and i n  a  paper  p resen ted  a t  t h e  8 t h  Symposium on  Fus ion  Technology,  N o o r d w i i j k e r -  

hout ,  Ne the r l ands ,  i n  June. A  d e t a i l e d  t e c h n i c a l  r e p o r t ,  BNWL-1835, c o v e r i n g  t h e  work has 

been i ssued.  Sumnaries o f  two papers  r e s u l t i n g  f r o m  t h i s  s t u d y  and t h e  PNL extended 

e v a l u a t i o n  i n  t h i s  r e p o r t  were a l s o  p repa red  and p resen ted  a t  t h e  F i f t h  IAEA Conference 

on  Plasma Phys i cs  and C o n t r o l l e d  Nuc lea r  Fus i on  Research hei.5 i n  Tokyo i n  1974. 

MIRROR HYBRID REACTOR 

DEVELOPMENT OF A CONSISTENT 
HYBRID DESIGN BASED O N  THE 
MIRROR FUSION REACTOR 

SHIELD 

COOLANT 
HEADERS 
AND 
AUXILIARY 
SYSTEMS w DIAMETER 

FIRST ASSESSMENT OF HYBRID -FISSION LAlTICE ALWAYS SUBCRITICAL 
REACTOR SAFETY 

-NO CORE MELTDOWN WITH LOSS OF COOLANT 
IN  HIGH HEAT CAPACITY SYSTEMS 

ESTABLISHMENT OF A COOPERATIVE -LLL/PNL 
EFFORT I N  HYBRID REACTOR 
DEVELOPMENT 

FIGURE 6  . Accompl i s  hed M i  1  es  tones  



PreZiminarly ConceptuaZ Design cC a Mirror, iGrbi.id Reactor 

Extended PNL E~czZu~Lions 

BR Leonard, J r . ,  UP Jenquin, WC Wol kenhauer 

A d d i t i o n a l  t e c h n i c a l  i n f o r m a t i o n  was developed on t h e  m i r r o r  h y b r i d  performance cha rac te r -  

i s t i c s  which cou ld  be used i n  j udg ing  the  techn ica l  f e a s i b i l i t y  o f  t he  concept. The 

a n a l y t i c a l  bas i s  o f  the  PNLILLL H y b t ~ d  CTR conceptual  des ign s tudy was extended by 

a d d i t i o n a l  s t u d i e s  eva lua t i ng :  

Burnup e f f e c t s  i n  the  f i s s i l e  b lanke t .  

E f f e c t s  o f  t h i c k e n i n g  the  b lanke t  i n n e r  l i t h i u m  l a y e r .  

S e n s i t i v i t y  o f  c a l c u l a t e d  b lanke t  performance t o  c e r t a i n  nuc lea r  data d e f i c i e n c i e s .  

Neut ron ics  e f f e c t s  o f  the  broad energy d i s t r i b u t i o n  o f  m i r r o r  CTR source neutrons.  

I n  t h e  i n i t i a l  des ign s tudy  c e r t a i n  marg ina l  aspects o f  b lanke t  performance were i d e n t i f i e d .  

These were: - 
The degree o f  b lanke t  s u b c r i t i c a l i t y .  

The t r i t i u m  p roduc t i on  r a t e .  

The s p a t i a l  power d i s t r i b u t i o n  i n  the f i s s i o n  l a t t i c e .  

The importance o f  these performance aspects, and the p o s s i b i l i t y  o f  changes r e s u l t i n g  

f rom a  more complete i n v e s t i g a t i o n ,  prov ided t h e  i n c e n t i v e  f o r  per forming f u r t h e r  ana lyses.  

The re fe rence  system f o r  these s tud ies  i s  t h a t  produced by the  PNLILLL coopera t i ve  study,  

and i s  summarized i n  Table 12. The general  conc lus ion  drawn from these s t u d i e s  i s  t h a t  t he  

prev ious work i s  v a l i d .  A m i r r o r  h y b r i d  f u s i o n  r e a c t o r  cou ld  be b u i l t  based upon the  

repo r ted  b lanke t  des ign which would be a  v i a b l e  e l e c t r i c  power source. A d d i t j o n a l  r e s u l t s  
and conc lus ions a r e  a l s o  repor ted.  

TABLE 12. General Features o f  t h e  LLLIPNL M i r r o r  Hybr id  Conceptual Design 

Region Dimension 

Plasma Radius 3.5 m 

S t a i n l e s s  Stee l  I n n e r  Wall Radius 5.0 m 

Depleted (0.3 w t %  2 3 5 ~  i n  U) U02 8.5 cm t h i c k  

Converter  Region Clad i n  S ta in less  Stee l  
(Cooled w i t h  He1 i um) 

Natura l  L i t h i u m  Region f o r  Breedi ng T r i t i u m  1.5 cm t h i c k  

F i s s i o n  L a t t i c e  Region, 1.35 w tb  U02 Clad i n  S t a i n l e s s  Stee l  

Na tu ra l  L i t h i u m  Region f o r  T r i t i u m  Product ion 

180 cm t h i c k  

10 cm t h i c k  



BURNLIP BEHAVIOR 

The energy  m u l t i p l i c a t i o n  o f  t h e  b l a n k e t  f i s s i o n  l a t t i c e  i s  d i r e c t l y  r e l a t e d  t o  t h e  n e u t r o n  

m u l t i p l i c a t i o n  v a l u e  ke f f .  To o b t a i n  h i g h  energy  m u l t i p l i c a t i o n  r e q u i r e s  t h a t  k  n o t  be e f f  
s m a l l .  However, f o r  t h e  therma l  f i s s i o n  l a t t i c e  s t u d i e d  here ,  ke f f  v a r i e s  s i g n i f i c a n t l y  

w i t h  tempera tu re ,  i n c r e a s i n g  as t h e  l a t t i c e  i s  coo led  f r om  h o t  o p e r a t i n g  c o n d i t i o n s  t o  

room tempera tu re .  Consequent ly ,  a  l a t t i c e  w i t h  a  h i g h  energy  m u l t i p l i c a t i o n  a t  o p e r a t i n g  

tempera tu res  w i l l  have a  ke f f  wh ich  approaches u n i t y  a t  room tempera tu re .  D u r i n g  o p e r a t i o n  

f i s s i  l e  m a t e r i a l  w i l l  be produced i n  t h e  l a t t i c e ,  and burnup c a l c u l a t i o n s  mus t  be pe r f o rmed  

t o  ensure  t h a t  ke f f  does n o t  become u n i t y  a t  any t i m e .  

A  s e r i e s  o f  n e u t r o n  ba lance  c a l c u l a t i o n s  were per fo rmed f o r  t h e  r e f e r e n c e  l a t t i c e  o p e r a t i n g  
3  a t  t h e  d e s i g n  s p e c i f i c  power l e v e l  o f  4.3 MW/m . These c a l c u l a t i o n s  were per fo rmed a t  

burnup s t eps  co r respond ing  t o  50 days o p e r a t i o n .  The c a l c u l a t i o n s  were a d m i t t e d l y  a p p r o x i -  

mate b u t  p r o v i d e  an adequate e s t i m a t e  o f  t h e  t i m e  dependent  n e u t r o n i c  behav io r  o f  t h e  

b l a n k e t .  The m a j o r  app rox ima t i ons  made i n  t h e  c a l c u l a t i o n s  were: 

R e p r e s e n t a t i o n  o f  t h e  average  f l u x  f o r  t h e  e n t i r e  b l a n k e t .  . R e c a l c u l a t i n g  t h e  spec t rum averaged c r o s s  s e c t i o n s  a t  o n l y  one t i m e  s t e p  (100  days )  

o f  burnup. 

N e g l e c t  o f  c a p t u r e s  i n  2.35 d 2 3 9 ~ p .  

Use o f  an i n c o m p l e t e  f i s s i o n  p r o d u c t  model .  

Burnup c a l c u l a t i o n s  were n o t  made f o r  t h e  c o n v e r t o r  r e g i o n ,  s i n c e  t h e  i s o t o p i c  changes o f  

m a t e r i a l s  i n  t h i s  r e g i o n  a r e  assumed t o  be sma l l  and, t h e r e f o r e ,  n o t  have a  s i g n i f i c a n t  

e f f e c t  on  t h e  n e u t r o n i c  b e h a v i o r .  

The change i n  l a t t i c e  m u l t i p l i c a t i o n  v a l u e  d u r i n g  i r r a d i a t i o n  i s  l i s t e d  i n  Tab le  13 f o r  

b o t h  h o t  o p e r a t i n g  and room tempe ra tu re  c o n d i t i o n s .  As shown, t h e  keff  v a l u e  a t  h o t  

o p e r a t i n g  i n c r e a s e s  b y  5% i n  t h e  f i r s t  50 days o f  power o p e r a t i o n .  T h i s  i s  due t o  

p l u t o n i u m  b u i l d u p  i n  t h e  l a t t i c e .  A f t e r  50 days, t h e  m u l t i p l i c a t i o n  v a l u e  decreases.  

I n i t i a l l y ,  t h e  sav i ng  i n  ke f f  between room and h o t  o p e r a t i n g  tempera tu res  i s  abou t  14%. 

TABLE 13. L a t t i c e  M u l t i p l i c a t i o n  Values as  a  F u n c t i o n  o f  Burnup 

M u l t i p l i c a t i o n  Value, ke f f  

F u l l  Power Days Hot  Opera t i  ng_ Room Temperature 



Wi th  burnup,  t h e  m u l t i p l i c a t i o n  d e f e c t  between h o t  o p e r a t i n g  and room tempe ra tu re  c o n d i t i o n s  

decreases d u r i n g  power o p e r a t i n g ,  d e c r e a s i n g  t o  25% a t  100 days. T h i s  i s  due t o  t h e  r e l a -  

t i v e  d i f f e r e n c e  i n  n e u t r o n  compet i  t i o n  between u ran ium and p l u t o n i u m  a t  h o t  o p e r a t i  nq 

c o n d i t i o n s  ( i . e . ,  Pu competes more f a v o r a b l y  f o r  n e u t r o n s  a t  h o t  c o n d i t i o n s ) .  On t h e  

bases o f  t hese  r e s u l t s ,  t h e  l a t t i c e  i s  assumed a lways  t o  be s u b c r i  t i c a l  d u r i n g  normal  

opera ti ng cond i  t i ons . 

Some o f  t h e  o t h e r  changes i n  b l a n k e t  per fo rmance parameters  due t o  burnup  a r e  l i s t e d  i n  

Tab le  14. A f t e r  200 days o f  f u l l  power o p e r a t i o n ,  t h e  f u e l  has accumulated 5000 MWd/MT 

o f  exposure .  Assuming a  l i n e a r  exposure accumu la t i on  ( i . e . ,  25 MWd/MT/day) t hen  i n  300 

days o f  f u l l  power o p e r a t i o n  (wh i ch  i s  abou t  t h e  p l a n  of  c u r r e n t  LWR power p l a n t s ) ,  t h e  

exposure  accumu la t i on  wou ld  be a 7500 MWd/MT. T h i s  i s  abou t  t h e  annual  exposure  accumu- 

l a t i o n  o f  b o i l i n g  w a t e r  r e a c t o r  (BWR) f u e l .  I n  c o n t r a s t ,  f u e l  i n  p r e s s u r i z e d  w a t e r  r e a c t o r s  E 

accumula tes  r o u g h l y  11,000 MWd/MT a n n u a l l y  whereas HTGR f u e l s  accumula te  a b o u t  22,000 MWd/MT 

a n n u a l l y .  - 
D u r i n g  200 days o p e r a t i o n  315 k g  o f  2 3 5 ~  a r e  burned  and 340 kg  o f  p l u t o n i u m  has 'formed. 

Though more p l u t o n i u m  has been gene ra ted  t h a n  2 3 5 ~  burned,  t h e  power o u t p i t  has been 

reduced.  T h i s  i s  ev idenced by t h e  l o w e r  v a l u e  o f  ke f f  ( h o t  o p e r a t i n g )  g i v e n  i n  Tab le  13 

and t h e  b l a n k e t  t he rma l  energy  m u l t i p l  i c a t i o n  v a l u e  g i v e n  i n  Tab le  14.  

TABLE 14.  Per formance Parameters o f  H y b r i d  B l a n k e t  w i t h  Power O p e r a t i o n  

200 Days Average 
Parameter  I n i t i a l  O p e r a t i o n  Val  ue 

Fue l  Exposure i n  0  5000 MWd/MT 25 MWd/MT/day 
F i s s i o n  L a t t i c e  

2 5 5 ~  inventory 1000 kg  685 k g  
(En r i ched  L a t t i c e )  

T o t a l  P l u t on i um 0  340 kg  
I n v e n t o r y  

01 a n k e t  Thermal 40 35 4  5  
Energy - 14 .1  MeV 

T r i t i u m  Produced 1.065 0 .88  1 . 0 7 ' ~ '  
p e r  DT Event  

a  
Not  c o r r e c t e d  f o r  source  n e u t r o n  l o s s e s  t h r o u g h  plasma and 
beam p o r t s .  



The i n i t i a l  i n c r e a s e  i n  h o t  m u l t i p l i c a t i o n  o f  t h e  l a t t i c e  ( 5 0  days burnup)  r e s u l t s  i n  a  

s i g n i f i c a n t  i n c r e a s e  i n  t r i t i u m  b reed ing .  By 200 days o p e r a t i o n ,  however, t he  tri t i u m  

p r o d u c t i o n  has reached t h e  v a l u e  o f  0.88 and i s  s t e a d i l y  dec reas i ng .  

A f t e r  200 days o f  f u l l  power o p e r a t i o n  more t r i t i u m  i s  b e i n g  consumed t h a n  i s  b e i n g  p r o -  

duced. The ene rgy  mu1 t i p 1  i c a t i o n  i n  t h e  b l anke t ,  and t hus  t h e  power o u t p u t ,  i s  decreas ing .  

These c o n d i t i o n s  may s i g n i f y  t h a t  t h e  u s e f u l  b l a n k e t  r e s i d e n c e  t i m e  has been reached.  

MODIFICATION OF LITHIUM REGION 

The r e f e r e n c e  l a t t i c e  des i gn  had an i n i t i a l  c o n v e r s i o n  f a c t o r  o f  0.973. I n a b i l i t y  t o  

b reed  t r i t i u m  was n o t  c o n s i d e r e d  t o  be a  ma jo r  d e s i g n  c o n s t r a i n t  f o r  two reasons.  F i r s t ,  

t he  t r i t i u m  consumpt ion i n  t h e  m i r r o r  h y b r i d  i s  so sma l l  t h a t  f u l l  c o n v e r s i o n  may n o t  be 

a  n e c e s s i t y .  Secondly,  t h e  t r i t i u m  conve rs i on  was expec ted  t o  improve  w i t h  b u i l d u p  o f  

Pu, as was l a t e r  con f i rmed  b y  c a l c u l a t i o n .  Through a  m ino r  m o d i f i c a t i o n  o f  t h e  r e f e r e n c e  

des i gn  i t  has p roven  p o s s i b l e  t o  i n c r e a s e  t h e  t r i t i u m  c o n v e r s i o n  r a t i o  above u n i t y ,  w i t h  

i n s i g n i f i c a n t  changes i n  o t h e r  r e a c t i o n  r a t e s  i n  t h e  b l a n k e t .  T h i s  i s  accompl i shed  by  

i n c r e a s i n g  t h e  t h i c k n e s s  o f  l i t h i u m  i n  t h e  c o n v e r t o r  r e g i o n  f r o m  1.5 cm t o  4  cm, and 

m a i n t a i n i n g  t h e  b l a n k e t  t h i c k n e s s  by  r e d u c i n g  t h e  o u t e r  l i t h i u m  l a y e r  c o r r e s p o n d i n g l y .  

The e f f e c t  o f  t h e  a d d i t i o n a l  l i t h i u m  i s  t o  i n c r e a s e  t h e  c a p t u r e s  o f  ep i th -e rma l  neu t rons  

l e a k i n g  f r om  t h e  l a t t i c e .  The t r i t i u m  p r o d u c t i o n  shown i n  Tab le  14 i n c l u d e s  t h e  e f f e c t  

o f  t h i s  change, and a l s o  t h e  e f f e c t s  o f  sonle n u c l e a r  d a t a  changes. 

NUCLEAR DATA 

The ENDFIB-I11 d a t a  used as t h e  r e f e r e n c e  s e t  f o r  t hese  c a l c u l a t i o n s  have known d e f i c i e n c i e s  

i n  t h e  2 3 8 ~  da ta .  These d e f i c i e n c i e s  a r e  p r i m a r i l y  i n  t h e  d e s c r i p t i o n  o f  t h e  e n e r g i e s  o f  

t h e  secondary neu t rons  f r o m  n,2n r e a c t i o n s ,  and f r om  n e u t r o n  i n e l a s t i c  s c a t t e r i n g  f o r  

i n c i d e n t  14 MeV neu t rons .  The ENDFIB-I1 I d e s c r i p t i o n s  g i v e  secondary n e u t r o n s  f r om  these  

r e a c t i o n s  whose average  e n e r g i e s  a r e  much t o o  l ow  t o  be p h y s i c a l l y  r e a l i s t i c .  H a i g h t  

and Lee compared c a l c u l a t i o n s  u s i n g  ENDFIB-I11 d a t a  i n  t h i c k  2 3 8 ~  h y b r i d  b l a n k e t s  w i t h  t h e  
r e s u l t s  o b t a i n e d  u s i n g  more r e a l i s t i c  LLL e v a l u a t e d  d a t a  and  f o u n d  s i g n i f i c a n t  d i f f e r e n c e s .  1  

Consequent ly ,  a  s e t  o f  new l y  e v a l u a t e d  da ta  were deve loped f o r  i n e l a s t i c  s c a t t e r i n q  and f o r  

t h e  secondary energy  d i s t r i b u t i o n s  f o r  t h e  n,2n and n,3n r e a c t i o n s  on  2 3 8 ~  and t hese  were 

used t o  r e p l a c e  t h e  ENDFIB-I11 d e s c r i p t i o n s .  

The e f f e c t s  o f  t hese  m o d i f i c a t i o n s  o n  t h e  per fo rmance o f  t h e  c o n v e r t o r  r e g i o n  o f  t h e  h y b r i d  

b l a n k e t  were e s t i m a t e d  by  mak ing  ANISN c a l c u l a t i o n s  i n  wh ich  t h e  t he rma l  f i s s i o n  l a t t i c e  

was r e p l a c e d  w i t h  g r a p h i t e  t o  e l i m i n a t e  l a t t i c e  e f f e c t s .  The r e s u l t s  o f  t h e  c a l c u l a t i o n s ,  

compared t o  r e s u l t s  o f  i d e n t i c a l  c a l c u l a t i o n s  u s i n g  ENDFIB-I I I d a t a ,  showed expec ted  d i f -  

f e rences .  However, t h e  d i f f e rences  were s m a l l ,  p r i m a r i l y  because t h e  c o n v e r t o r  i s  f a i r l y  

t h i n  t o  t h e  mean f r e e  p a t h  o f  14  MeV neu t rons .  



The most s i g n i f i c a n t  changes observed were an increase i n  t r i t i u m  breed ing o f  about  2.52 

and i n  an i nc rease  i n  the maximum neut ron f l u x  i n  t h e  g r a p h i t e  rang ing  from 3% i n  t h e  thermal 

group t o  about 9% f o r  a l a r g e  p o r t i o n  of s lowing down f l u x .  The increased f l u x  would be 

expected t o  g i v e  an increase i n  the  energy m u l t i p l i c a t i o n  o f  the  b lanke t  o f  5 t o  10% o r  

the  improved conve r to r  performance cou ld  j u s t i f y  use o f  a  t h i c k e r  conve r to r .  F lux  l e v e l s  

t h a t  were p r e d i c t e d  i n  the  g r a p h i t e  r e g i o n  i n  c a l c u l a t i o n s  u s i n g  the  ENDF/B-111 data  cou ld  

be achieved us ing  the new data even when the  conve r to r  th ickness was increased f rom the  

re fe rence  va lue  o f  8.5 cm t o  12 cm. I n  a d d i t i o n ,  w i t h  the t h i c k e r  conve r to r  t r i t i u m  breed- 

i n g  was increased by about 1% and Pu p roduc t i on  i n  t h e  conver tor  was increased by about 60%. 

14 MeV NEI..ITRON SOURCE SPECTRUM 

The energy spectrum of  D-T source neutrons which r e s u l t  from a  u n i f o r m  i s o t r o p i c  Maxwel l ian  

v e l o c i t y  d i s t r i b u t i o n  a r e  q u i t e  broad and cou ld  r e s u l t  i n  l a r g e  changes i n  c a l c u l a t e d  

r e a c t i o n  r a t e s ,  p a r t i c u l a r l y  f o r  t h resho ld  r e a c t i o n s ,  r e l a t i v e  t o  t h e  r a t e s  r e s u l t i n g  f rom 

low temperature (10-20 keV) The e f f e c t  of t h i s  phenomenon appears t o  have 

rece ived  almost no a t t e n t i o n  i n  m i r r o r  o r  Tokamak ~ l a s r n a  conceDts d r i v e n  by  e n e r g e t i c  

n e u t r a l  beams. Since t h e  i o n  energy d i s t r i b u t i o n  i n  the  d r i v e n  m i r r o r  r e a c t o r  i s  n o t  

Maxwel l ian,  a  computer program was w r i t t e n  which performs c a l c u l a t i o n  o f  t he  source neut ron 

energy d i s t r i b u t i o n  from a  tabu la ted  i o n  energy d i s t r i b u t i o n .  

An i o n  energy source spectrum c a l c u l a t e d  by LLL f o r  i n j e c t e d  beams w i t h  an average energy 

o f  100 keV has been used t o  c a l c u l a t e  the  source neut ron energy spectrum as shown on 

F igu re  7 .  The measured f u l l  w i d t h  a t  half-maximum o f  t he  d i s t r i b u t i o n  i s  1.70 MeV 

centered a t  14.20 MeV. Th is  d i s t r i b u t i o n  i s  o n l y  s l i g h t l y  narrower than t h a t  ob ta ined  by 

Mui r  f o r  a  Gaussian approx imat ion and the  wings a re  t runca ted  r e l a t i v e  t o  a  Gaussian a t  

both  low and h i g h  energ ies  because the  i o n  energy spectrum i s  s i m i l a r l y  t runcated.  

El (MeV' 

FIGURE 7. The LLL Ca lcu la ted  Source Spectrum i s  the  Neutron Source Spectrum Ca lcu la ted  from 
a  100 keV I n j e c t e d  I o n  Energy Spectrum. Overlayed a r e  the Impor tant  React ion 
Cross Sect ions as Descr ibed i n  ENDF/B-IV. 



Also shown on t h e  f i g u r e  a r e  t h e  d e s c r i p t i o n s  o f  t he  p e r t i n e n t  c ross  s e c t i o n  data f o r  

2 3 8 ~  conta ined i n  t h e  ENDFIB-IV f i l e s .  To es t ima te  t h e  importance o f  t h i s  source e f f e c t ,  

c ross  s e c t i o n  va lues f o r  2 3 8 ~  obta ined f rom averaging over  t h i s  spectrum have been ca lcu-  

l a t e d  and compared t o  the  14.07 MeV values.  The l a r g e s t  e f f e c t  was an 8% inc rease  i n  t h e  

n,3n r e a c t i o n  r a t e  w i t h  a  n e t  e f f e c t  o f  t 3 %  f o r  e t a  ( t h e  number o f  secondary neutrons pro-  

duced p e r  n o n - e l a s t i c  c o l l  i s i o n )  . These changes may produce s i g n i f i c a n t  e f f e c t s  i n  sub- 

sequent g e n c r a t i o r s  o f  neutrons ant1 do n o t  address the  f a c t  t h a t  t h e  average energ ies  o f  

secondary neutrons a re  a1 so changed. 

The energy mu1 t i g r o u p  s t r u c t u r e  used i n  o u r  re ference l a t t i c e  c a l c u l a t i o n s  has been m o d i f i e d  

and extended t o  i n c l u d e  f i v e  energy groups i n  which t h e  neut ron source i s  c ~ t ? t a i n e d .  I n  

add i t i on ,  a  new s e t  o f  m u l t i g r o u p  cross  sec t i ons  has been obta ined f o r  a l :  l a t t i c e  ma te r iays  

m us ing  ENDF/B-IV data  and i n c l u d i n g  t h e  extended neut ron soul-ce as p a r t  o f  t he  we$ght ing 

f u n c t i o n .  O i l y  smal l  changes i n  i n t e g r a l  performance parameters o f  t he  h y b r i d  l a t t i c e  

were observed. More s i g n i f i c a n t  e f f e c t s  m igh t  r e s u l t  f rom d i f f e r e n t  data  d e s c r i p t i o n s .  

* 
SUMVARY AND CONCLUSIOYS 

The wajor  ccnc lus ion  o f  o u r  p rev ious  s tud ies  remains unchanged - -  a  m i r r o r  h y b r i c  f u s i o n  

r e a c t o r  cou ld  be b u i l t  based on t h i s  b lanke t  des ign t h a t  cou ld  be a  v i a b l e  e l e c t r i c a l  power 

source. I n  a d d i t i o n ,  t he  probab le  breed ing o f  bo th  f i s s i l e  m a t e r i a l  and t r i t i u m  has been 

conf i rmed by d e t a i  1  ed c a l c u l a t i o n s  o f  t h e  behavior  o f  t he  b l a n k e t  through an extended 

opera t i ng  pe r iod .  Neut ron ics  c a l c u l a t i o n s  a t  ope ra t i ng  temperatures du r ing  t h e  o p e r a t i o n  

have a l so  demonstrated t h a t  these c a l c u l a t i o n s  a re  a  necess i t y  i n  a r r i v i n g  a t  v a l i d  pro- 

j e c t i o n s  o f  t he  performance and s a f e t y  o f  t he  h y b r i d  system. The s e n s i t i v i t y  o f  t h e  o e r f o r -  

mance o f  t h i s  system t o  nuc lea r  data has been assessed and shown t h a t  des ign improvements 

cou ld  be made us ing  b e t t e r  es t ima te  data .  The e f f e c t  o f  t he  extended source neu t ron  energy 

spectrum has been i n v e s t i g a t e d  and shown t o  be o f  p o s s i b l e  s i g n i f i c a n c e  i n  t h e  nuc lea r  

performance and des ign c h a r a c t e r i s t i c s  o f  plasma devices d r i v e n  by e n e r g e t i c  n e u t r a l  beams. 



Remote As.sc?mb ~.y/Disnsscmb l y  of Fusion Reczctors 

P L  Peterson, WS Kelly, MG Patrick 

The reactor core of the fusion reactors to  be operated in the future will need t o  be 

designed to be remotely assembled and disassembled fol l  owing s ta r tup  due to  induced 

radiat ion.  Ancillary equipment and systems near the core will require a s imilar  capa- 

b i l i t y .  Inadequate equipment and procedures will  extend reactor down time and add to 

reactor operating costs .  

Pacific Northwest Labaratory assis ted Lawrence Liverniore Laboratory during 1974 in the 

development of a concept fo r  a Fusion Engineering Research Faci 1 i t y  ( F E R F ) . "  P N L '  s  

primary input was in the area of remote assembly and disassembly with other inputs in 

the t e s t  loops and sample handling areas.  These contributions were based on experience 

accumulated by PNL personnel in the design and operation of remote operating and con- 
t rol  systems for  nuclear redctors and other experimental f a c i l i t i e s  a t  Hanford. 

The procedures f o r  remote assembly and disassembly of the FERF reactor  assembly and 

associated equipment were formulated with the following objectives in mind: 

completely remote operation ( i  . e . ,  no personnel in the vaul t )  

a l l  devices to  operate in a f a i l - s a fe  manner 

operations to  be automated i f  possible 

redundancy of backup systems to  be provided where feas ib le  

l i f t i n g  by single point suspension t o  be avoided i f  possible 

Essentially the same equipment would be used fo r  both assembly and disassembly. The 

handling systems will  f a l l  into two general categories: 1 )  primarily fixed or r ig id  
systems and 2 )  portable or f l ex ib l e  systems with universal applicat ion.  The fixed sys- 

tems would consist  of supporting do l l i e s  permanently attached to the large reactor sub- 

assemblies operating on tracks imbedded in the f loor  of the vahlt .  Subassemblies such 

as the expander tanks, f i r s t  and second wall assemblies, and half tanks would be mounted 

on the do l l i e s  which would support the  en t i r e  reactor  assembly. 

Reactor system components t ha t  cannot be supported by permanent do l l i e s  or  t ha t  cannot 

be mounted by pure t ranslat ional  movement would be handled by a combination of l i f t i n g  

* Details of the work are  reported in the L L L  document Conceptual Design of a Mirror 

Reactor for  a Fusion Engineering Research Faci 1 i  ty ( F E R F )  , UCRL 51617, August 28, 

1974. 



devices,  p o r t a b l e  d o l l i e s  and spec ia l  purpose temporary f i x t u r e s .  P o s i t i o n i n g  and clamp- 

i n g  o f  t he  mat ing sur faces o f  i n d i v i d u a l  components p r i o r  t o  pumpdown would be s i m i l a r  

f o r  a1 1 r e a c t o r  subassemblies. 

The i n i t i a l  concept drawings o f  t h e  r e a c t o r  v a u l t  i n d i c a t e d  a  v a u l t  approx imate ly  60 f t  

h igh  and 55 f t  wide. A s l o t  o r  t rench  down the  c e n t e r l i n e  o f  t h e  f l o o r  o f  t h e  v a u l t  was 

prov ided t o  reduce t h e  h e i g h t  o f  t h e  assembled r e a c t o r  above t h e  f l o o r  by p e r m i t t i n g  pro- 

j e c t i n g  p o r t i o n s  o f  one h a l f  tank and one expander tank t o  extend below the  f l o o r  l e v e l .  

The t rench  p rov ided  f o r  separa t i on  of the  major subassemblies t o  pe rm i t  access t o  the  

i n n e r  components. 

However, t he  t rench  would l i m i t  t h e  d i s tance  and d i r e c t i o n  t h a t  the  major subassemblies 

can be backed o f f .  Th is  cou ld  be avoided by mounting t h e  e n t i r e  r e a c t o r  s t r u c t u r e  above 

the  f l o o r  l e v e l .  Two se ts  o f  p a r a l l e l  t r a c k s  a long each w a l l  o f  t h e  v a u l t  w i t h  appro- 

p r i a t e  sw i t ch ing  mechanisms would pe rm i t  t h e  components from the i n n e r  core  t o  be 

placed on d o l l i e s  which cou ld  then be shunted around the  subassemblies t h a t  had been 

backed o f f .  Mounting o f  t he  e n t i r e  assembly above t h e  f l o o r  would f u r t h e r  simp1 i f y  

mounting and dismount ing o f  components beneath t h e  r e a c t o r  s t r u c t u r e  by avo id ing  oper-  

a t i n g  w i t h i n  the  con f i nes  o f  t h e  t rench.  The o v e r a l l  h e i g h t  o f  the  v a u l t  would n o t  have 

t o  be s i g n i f i c a n t l y  increased because no l i f t i n g  o f  components up and over o t h e r  

subassembl i e s  would be requ i red .  

A l l  assembly and disassembly ope ra t i ons  would be moni tored and conducted f rom a  c e n t r a l  

c o n t r o l  room us ing  remote ly  operated TV moni tors .  A conso le  w i t h i n  t h e  c o n t r o l  room 

would c o n t a i n  a l l  o f  t he  r e q u i r e d  system opera t i ng  c o n t r o l s ,  TV mon i to r i ng  screens and 

ins t rumen ta t i on  readouts.  

The atmosphere w i t h i n  t h e  r e a c t o r  v a u l t  was assumed t o  be n i t r o g e n  a t  a l l  t imes. There- 

f o r e ,  a l l  equipment and i ns t rumen ta t i on  w i t h i n  the  v a u l t  would have t o  be capable o f  

ope ra t i ng  i n  n i t r o g e n .  Personnel e n t e r i n g  f o r  any reason would r e q u i r e  a  se l f - con ta ined  

b rea th ing  apparatus. 

One conc lus ion a r i s i n g  f rom p a r t i c i p a t i o n  i n  the  s tudy w i t h  Lawrence Livermore Laboratory  

was t h a t  equipment and procedures a v a i l a b l e  a t  t h e  t ime o f  r e a c t o r  core  des ign cou ld  p u t  

s i g n i f i c a n t  c o n s t r a i n t s  on the  des ign i n  terms o f  maximum s i z e  o r  c o n f i g u r a t i o n .  P r i o r  

development o f  equipment f o r  remote hand l i ng  components common t o  a l l  types o f  f u s i o n  

r e a c t o r s  such as l a r g e  sca le  vacuum seals,  mani fo lds  f o r  c o o l i n g  f l u i d s ,  a l ignment  

devices and c lamping f i x t u r e s  w i l l  p e r m i t  g r e a t e r  f l e x i b i l i t y  i n  t h e  r e a c t o r  core  and 

oyera l  1  sys tern design.  



Improving Technical Bases f o r  Design 

Nuclear Standards - BR Leonard, J r .  , KB Stewar t  

Obta in ing improved nuc lea r  data  and data f i l e s  f o r  t h e  neu t ron i c  a n a l y s i s  o f  f u s i o n  r e a c t o r  

b lankets  i s  t he  o b j e c t i v e  i n  t h i s  area.  Data d e f i c i e n c i e s  a r e  d e f i n e d  by t h e  c r i t i c a l  r e -  

v iew o f  data used i n  t h e  a n a l y s i s  o f  f u s i o n  r e a c t o r  systems, i n c l u d i n g  h y b r i d  r e a c t o r s ,  a t  

PNL. Improved data  and data  f i l e s  a re  obta ined by e v a l u a t i o n  and through p a r t i c i p a t i o n  i n  

the Cross Sec t i on  Eva lua t i on  Working Group (CSEWG) and t h e  U.S.  Nuclear Data Committee 

(USNDC). Since t h e  l a s t  r e p o r t ,  meet ings o f  t h e  CTR and t h e  Standards Subcommittees o f  

t h e  USNDC and a  meet ing o f  CSEWG was at tended. As p a r t  o f  t h a t  e f f o r t ,  t h e  new data  f i l e  

f o r  6 ~ i  submi t ted f o r  Vers ion I V  o f  ENDF/B was reviewed, minor e r r o r s  co r rec ted ,  and t h e  

f i l e  approved f o r  ENDF/B-IV. I n  a d d i t i o n ,  needs f o r  h y b r i d  r e a c t o r s  and f o r  f i s s i o n  pro- 
3  duc t  t ransmuta t i on  i n  CTRs which had been p r e v i o u s l y  i d e n t i f i e d  were submi t ted f o r  

i n c l u s i o n  i n  t h e  USNDC document "Compi la t ion  o f  Requests f o r  Nuclear Data." 4 b  

A rev iew was made o f  t h e  eva luated data f i l e s  o f  ENDF/B-111 f o r  2 3 8 ~  which has been used i n  

PNL h y b r i d  n e u t r o n i c  analyses.  Comparisons o f  t he  ENDF/B and LLL d e s c r i p t i o n s  o f  t h e  

secondary neu t ron  energ ies  d i s t r i b u t i o n s  r e s u l t i n g  f rom i n e l a s t i c  s c a t t e r i n g  and n,2n 

r e a c t i o n s  o f  i n i t i a l l y  15 MeV neutrons on 2 3 8 ~  a r e  shown i n  F igures  8  and 9. The LLL 

d e s c r i p t i o n s  a re  judged t o  be b e t t e r  founded p h y s i c a l l y  and would lead t o  l a r g e r  neut ron 

mu1 t i p l i c a t i o n  and deeper p e n e t r a t i o n  o f  i n c i d e n t  14 MeV neutrons i n  2 3 8 ~ .  AS a  r e s u l  t 

o f  t h e  d e f i c i e n c i e s  i d e n t i f i e d  i n  t h e  ENDF/B-I11 2 3 8 ~  data f i l e s ,  t he  magnitude and 

secondary neut ron energy d i s t r i b u t i o n s  o f  i n e l a s t i c  s c a t t e r i n g  and t h e  secondary neut ron 

energy d i s t r i b u t i o n s  o f  n,2n and n,3n r e a c t i o n s  were re-eva luated and prepared t o  mod i f y  

t h e  ENDF/B-I11 f i l e s .  An example o f  one of t h e  newly eva luated secondary neut ron energy 

d i s t r i b u t i o n s  f rom n,2n r e a c t i o n s  i s  shown i n  F igu re  10. 

A rev iew  o f  CTR n u c l e a r  data requirements was made i n  cooperat ion  w i t h  i n v e s t i g a t o r s  f rom 

o t h e r  l a b o r a t o r i e s  and t h e  r e s u l t s  were r e p o r t e d  i n  a  session o f  i n v i t e d  papers on Fusion 

Blanket:  S h i e l d i n g  and Cross Sect ion Stud ies  a t  t he  Winter  ANS Meet ing h e l d  i n  

Washington, D. C. 

The process ing code ETOG was mod i f i ed  i n  o r d e r  t o  be a b l e  t o  process nuc lea r  data  i n  t h e  

fo rma t  s p e c i f i e d  f o r  t h e  ENDF/B-IV data  f i l e .  
e 

A s e t  o f  m u l t i g r o u p  (30 group) c ross  sec t i ons  f rom ENDF/B-IV was developed f o r  use i n  

ANISIN i n  t h e  m i r r o r  h y b r i d  s tud ies .  The tape con ta ins  microscop ic  data  f o r  t h e  15 i so topes  
c 
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FIGURE 9. Energy Spectrum on Secondary Neutrons from n,2n Reaction on U-238 
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FIGURE 10. A New E v a l u a t i o n  of t h e  Energy Spectrum o f  Secondary 

Neut rons  f rom n,2n Reac t i ons  on  U-238 

l i s t e d  i n  Tab le  15.  The g roup  s t r u c t u r e  i s  shown i n  T a b l e  16. The w e i g h t i n g  f u n c t i o n  con-  

s i s t e d  of a  1/E f l u x  shape up  t o  s 13 .2  MeV w i t h  a  near-Gaussian c e n t e r e d  abou t  14.2 MeV. 

The s p i k e  has a  f u l l  w i d t h  o f  1.7 MeV a t  h a l f  maximum. Cross s e c t i o n s  f r om  t h e r m a l i z a t i o n  

c a l c u l a t i o n s  have been s u b s t i t u t e d  i n t o  groups 28, 29, and 30. Fo r  m a t e r i a l s  8  t h r o u g h  

18, t h e  d a t a  have been s e l f - s h i e l d e d  i n  groups 16 t h r o u g h  27. The d a t a  r e p r e s e n t  a  f u e l  

zone w i t h o u t  any  mode ra to r .  A l l  t h e  o t h e r  d a t a  assume i n f i n i t e l y  d i l u t e  c r o s s  s e c t i o n s .  

S t a i n l e s s  s t e e l  was c r e a t e d  b y  m i x i n g  i r o n ,  chronium, and n i c k e l  t o g e t h e r  w i t h  atom 

f r a c t i o n s  o f  0.7, 0.2, and 0.1, r e s p e c t i v e l y .  Each i s o t o p e  has Po, PI, P2, and P3 

m i c r o s c o p i c  da ta .  Each g roup  c o n t a i n s  37 e n t r i e s  w i t h  t h e  t o t a l  c r o s s  s e c t i o n  i n  

p o s i t i o n  8. Thus, vof i s  i n  p o s i t i o n  7  and ga i s  i n  p o s i t i o n  6. P o s i t i o n  6 does n o t  

c o n t a i n  n,2n and n,3n c r o s s  s e c t i o n s .  These a r e  i n  p o s i t i o n s  3 and 4, r e s p e c t i v e l y .  The * 
s c a t t e r i n g  m a t r i x  accoun t s  f o r  n e u t r o n  m u l t i p l i c a t i o n  v i a  t h e  n,2n and n,3n r e a c t i o n s .  

P o s i t i o n  5  c o n t a i n s  t h e  f i s s i o n  c r o s s  s e c t i o n  and p o s i t i o n  1  c o n t a i n s  t h e  c a p t u r e  c r o s s  

s e c t i o n ,  n,y. P o s i t i o n  2  c o n t a i n s  r e a c t i o n s  wh i ch  r e s u l t  i n  a l pha  p r o d u c t i o n .  



A copy o f  t h i s  tape has been sent  t o  t h e  Rad ia t i on  Sh ie ld ing  In fo rmat ion  Center f o r  o t h e r  

i n v e s t i g a t o r s  who a re  i n t e r e s t e d  i n  us ing these data i n  t h e i r  research. 

TABLE 15. Iso topes on t h e  Tape 

Number 

1 
2  
3  
4 
5 

6  
7 
8 
9 

10 

11 
12 
13 
14 
15 

Iso tope 

Carbon 
Oxygen 
S i  1  i c o n  
He1 i um 
L i  t h i  urn-6 

L i  thiurn-7 
S ta in less  Stee l  
Urani  urn-235 
Uranium-238 
P l  utonium-239 

P l  utonium-240 
Plutonium-241 
P l  utonium-242 
Urani  um-233 
Thor i  um-232 



TABLE 16.  30-Group S t r u c t u r e  f o r  Fus ion-Fiss ion  C a l c u l a t i o n s  

Group 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

2 1 

2 2 

23 

2 4 

25 

26 

Upper Energy, 
e V 

1C.7.2 x 10C 

15.68 x 10;s 

14.92 x 10" 

14.19 x 10' 

13.50 x 10" 

12.21 x 106 

11.05 x 106 

10.00 x l o 6  

6.07 x 106 

3.68 x 10" 

2.23 x 106 

1.35 x l o 6  

.821 x 10" 

.498 x l o 6  

.302 x 10'; 

. I83  x l o 6  

67.4 x l o 3  

24.8 x l o 3  

9.12 x l o 3  

3.36 x103 

1 .23  x l o 3  

,454 x 103 

,167 x l o 3  

61.4  

22.6 

8 .32  



Fusion Neutron Spectrum Code (FUSEP) - DL Lessor 

Thermal Hydrau l ic  Model (TRUTH) - CW Stewart ,  AM Sutey 

Two t e c h n i c a l  developments needed i n  t h e  process o f  per forming t h e  m i r r o r  h y b r i d  des ign 

ana lys i s  which enhance a n a l y t i c a l  c a p a b i l i t y  f o r  CTR design and analyses were the  c a l c u l a t i o n  

o f  the energy d i s t r i b u t i o n  o f  t he  source D-T neutrons f rom i n j e c t e d  machines, and the ca lcu-  

l a t i o n  o f  steady s t a t e  and t r a n s i e n t  thermal performance o f  t h e  m i r r o r  h y b r i d  b lanke t .  

FUSEP 

Program FUSEP was developed t o  c a l c u l a t e  neutron' energy spect ra  produced by f u s i o n  r e a c t i o n s  

f o r  use i n  f u s i o n  r e a c t o r  b l a n k e t  c a l c u l a t i o n s .  

e 
FUSEP takes as i n p u t  t he  energy d i s t r i b u t i o n  o f  i ons  i n  an i s o t r o p i c  plasma o f  up t o  3 i o n  

species w i t h  neutron-producing f u s i o n  r e a c t i o n s  between them. The energy spectrum o f  t h e  

f u s i o n  neutrons i s  c a l c u l a t e d  by i n t e g r a t i n g  t h e  product  o f  i o n  v e l o c i t y  d i s t r i b u t i o n s ,  

r e l a t i v e  v e l o c i t y ,  and c ross  s e c t i o n  per  u n i t  f i n a l  neut ron energy over i o n  v e l o c i t y  space. 

F i t t e d  cross  s e c t i o n  expressions having Coulomb b a r r i e r  p e n e t r a t i o n  and nuc lear  resonance 

f a c t o r s  a r e  used.4 Neutron emission i s  assumed i s o t r o p i c  i n  the  c e n t e r  o f  mass frame o f  

c o l l i d i n g  i ons .  FUSEP has been used t o  c a l c u l a t e  neut ron spect ra  f rom D-T and D-D r e a c t i o n s  

i n  Maxwel l ian plasmas and f rom a c a l c u l a t e d  plasma spectrum from 100 keV neut ron i n j e c t i o n  

i n t o  a m i r r o r  machine. 5 

TRUTH 

A d i g i t a l  computer code c a l l e d  TRLITH was developed t o  a i d  i n  determin ing t h e  steady s t a t e  

and t r a n s i e n t  thermal performance o f  the  b lanke t .  The mathemat ical  model c o n s i s t s  o f  an 

energy balance between any a r b i t r a r y  c o l l e c t i o n  o f  i n te rconnec ted  subvolumes. The 

r e s u l t i n g  equat ions a re  so lved w i t h  an e x p l i c i t  numerical  procedure which computes t h e  

t o t a l  heat exchange between subvolumes by t h e  use o f  prev ious1 y c a l c u l a t e d  temperatures and 

thermal res i s tances .  The temperature o f  each subvolume i s  updated on t h e  b a s i s  o f  i t s  t o t a l  

heat c a p a c i t y  and the  energy i t  rece ives  f rom ad jacen t  subvolumes du r ing  a t ime step.  

The thermal r e s i s t a n c e  between nodes o p t i o n a l l y  i nc ludes  the e f f e c t s  o f  conduction, f o rced  

and f r e e  convect ion,  r a d i a t i o n  and f l u i d  f l ow .  The conduct ion r e s i s t a n c e  i s  considered t o  

be constant  whereas the  r e s p e c t i v e  sur face c o e f f i c i e n t s  f o r  t h e  o t h e r  heat  t r a n s f e r  

mechanisms a r e  t r e a t e d  v i a  c o r r e l a t i o n s  w i t h  temperature o r  f l o w  r a t e  as independent 

v a r i a b l e s  
* 



1 MATERIALS RESEARCH AND RADIATION ENVIRONMENT SIMULATION 

Knowledge o f  h i g h  energy  n e u t r o n  i n t e r a c t i o n  w i t h  m a t e r i a l s  i s  a  h i g h  p r i o r i t y  need 

i n  t h e  development  o f  a  c o n t r o l l e d  f u s i o n  power p l a n t .  S i g n i f i c a n t  f a c t o r s  i n  

t h e  d e s i g n  and o p e r a t i o n  o f  f u t u r e  CTRs as w e l l  as expe r imen ta l  f u s i o n  machines 

i n c l u d e  n e u t r o n  s p u t t e r i n g  and r a d i o a c t i v e  atom e j e c t i o n  r e s u l t i n g  f r om  d i r e c t  

n u c l e a r  r e c o i l s  i n  t h e  nea r  s u r f a c e  r e g i o n s .  Exper iments  have been i n i t i a t e d  

t o  de te rm ine  t h e  a b s o l u t e  s p u t t e r i n g  r a t i o s  f o r  cand ida te  f i r s t  w a l l  m a t e r i a l s  

and t o  o b t a i n  t h e  a b s o l u t e  y i e l d  o f  r a d i o a c t i v e  atoms e j e c t e d  f r o m  m a t e r i a l s  as  

a  r e s u l t  o f  (D,?) n e u t r o n  bombardment. Upper l i m i t s  f o r  s p u t t e r i n g  r a t i o s  have been 

o b t a i n e d  which,  when con f i rmed ,  wou ld  i n d i c a t e  t h a t  n e u t r o n  s p u t t e r i n g  w i l l  n o t  

p r e s e n t  a  m a j o r  p rob lem w i t h  f i r s t  w a l l  e r o s i o n  of f u t u r e  CTRs. However, m a j o r  

. r a d i o a c t i v i t y  problems can be expec ted  t o  o c c u r  i n  t h e  c o o l i n g  d u c t s  and h e a t  

exchangers o f  f u s i o n  r e a c t o r s  due t o  r a d i o a c t i v e  m a t e r i a l  e j e c t e d  from s u r f a c e s  under  

n e u t r o n  bombardment. The r e s u l t s  from these  expe r imen t s  a r e  expec ted  t o  p r o v i d e  

a i m p o r t a n t  i n p u t  i n  t h e  d e s i g n  o f  f u t u r e  f u s i o n  r e a c t o r s .  

R a d i a t i o n  induced s t r u c t u r a l  damage i n  p o t e n t i a l  f i r s t  w a l l  m a t e r i a l s  i s  b e i n g  

c h a r a c t e r i z e d  by heavy i o n  bombardment. C u r r e n t l y  t h e  e f f e c t  o f  parameters  u n i q u e l y  

a s s o c i a t e d  w i t h  i o n  bombardment a r e  b e i n g  e v a l u a t e d  t o  more t h o r o u g h l y  unde rs tand  

t h e  i o n  s i m u l a t i o n  t e c h n i q u e  and make b e t t e r  c o r r e l a t i o n  w i t h  n e u t r o n  i r r a d i a t i o n .  

R e s u l t s  f r om  s t u d i e s  o f  t h e  s u r f a c e  e f f e c t s  i n  i o n  bombarded molybdenum and t h e  e f f e c t  

o f  h e l i u m  on v o i d  f o r m a t i o n  i n  molybdenum a r e  p resen ted .  A  decrease i n  s u r f a c e  v o i d  

s i z e  w i t h  dose r a t e  was f ound  t o  agree  r easonab l y  w e l l  w i t h  t h e  d i f f e r e n c e  r e p o r t e d  

f o r  n e u t r o n  i r r a d i a t e d  molybdenum. A s t r o n g  h e l i u m  e f f e c t  was n o t  found f o r  t h e  

bombardment c o n d i t i o n s .  T h i s  i s  i n  agreement w i t h  n u c l e a t i o n  t h e o r y  and i s  a t t r i b u t e d  

t o  t h e  v e r y  h i g h  d i sp l acemen t  r a t e s  used i n  t h e  expe r imen t .  An i n t e r l a b o r a t o r y  i o n  

c o r r e l a t i o n s  expe r imen t  has a l s o  been p lanned u s i n g  molybdenum f r o m  a  common source .  

The p l a n  i s  t o  compare and c o r r e l a t ~  t h e  r e s u l t s  froi?! .ti:c experSi i ients ccnduc tsd  

u s i n g  c o m n  expe r imen ta l  c o n d i t i o n s .  Suppor t  i s  b e i n g  p r o v i d e d  t o  t h e  Naval  Research 

L a b o r a t o r y  i n  t h e  a rea  o f  i o n  bombardment s t u d i e s .  I n  a d d i t i o n  t o  p a r t i c i p a t i o n  i n  

t h e  BCC I o n  C o r r e l a t i o n  expe r imen t ,  NRL w i l l  examine some n e u t r o n  i r r a d i a t e d  molyb-  

denum specimens f o r  compar ison w i t h  i o n  bombardment r e s u l t s .  

S i nce  charged  p a r t i c l e  bombardment may s i m u l a t e  f u s i o n  n e u t r o n  damage l e v e l s  w i t h  

r a t e s  i n  excess o f  e x i s t i n g  f i s s i o n  r e a c t o r  r a d i a t i o n  f a c i l i t y ,  t h e  e x t e n t  t o  wh i ch  

w p e n e t r a t i n g  i o n s  s i m u l a t e  mechan ica l  p r o p e r t y  damage i n  m e t a l s  i s  be i ng  s t u d i e d  f o r  

a p p l i c a t i o n  t o  c a n d i d a t e  CTR a l l o y s .  The d a t a  i n p u t  and m a j o r  t a s k s  r e q u i r e d  f o r  



such a  program have been i d e n t i f i e d  and a  t e c h n i c a l  adv i so ry  committee es tab l i shed .  

Arrangements a r e  a l s o  be ing made f o r  i n t e g r a t i o n  o f  t h i s  work w i t h  r e l a t e d  s t u d i e s  a t  

o t h e r  l a b o r a t o r i e s .  For example, a  j o i n t  e f f o r t  i s  be inq  conducted w i t h  Hanford Enqi-  

nee r ing  Development Laboratory  f o r  damage a n a l y s i s  and neut ron i r r a d i a t i o n  o f  r e l e -  

vant CTR m a t e r i a l s .  

Many o f  t h e  CTR concepts c u r r e n t l y  be ing  developed c o n t a i n  g r a p h i t e  i n  t h e  b l a n k e t  and/or 

s h i e l d  reg ions .  I n  a d d i t i o n ,  some r e c e n t l y  proposed concepts have suggested t h e  use o f  

g r a p h i t e  o r  g r a p h i t e  c l o t h  between t h e  plasma and f i r s t  s t r u c t u r a l  w a l l .  These new con- 

cep ts  pose some spec ia l  problems which a r e  be ing assessed. S p e c i f i c  areas be ing i n v e s t i -  

gated i n c l u d e  the  e v a l u a t i o n  o f  r a d i a t i o n  damage e f f e c t s ,  t h e  r a t e  o f  s p u t t e r i n g  o f  c a r -  

bon f rom t h e  su r face ,  outgass ing problems, p o t e n t i a l  f o r  carbon removal and t r a n s p o r t ,  

and r e a c t i o n s  w i t h  i m p u r i t i e s  i n  gaseous coo lan ts .  Plans a r e  a l s o  being made f o r  e x p e r i -  . 
m e n t a l l y  t e s t i n g  the  c o r r e l a t i o n  between damaqe o roduc t i on  r a t e s  i n  f i s s i o n  and f u s i o n  

r e a c t o r  spect ra .  

A  p o r t i o n  o f  t h e  l i t e r a t u r e  d e a l i n g  w i t h  t h e  r a d i a t i o n  e f f e c t s  on aluminum, a  metal  impor- 

t a n t  t o  f u s i o n  r e a c t o r  design,  has been reviewed t o  i d e n t i f y  a p p l i c a b l e  data .  The volume 

o f  i n f o r m a t i o n  does n o t  compare w i t h  t h a t  f o r  copper, n i c k e l  , o r  t h e  nob le  meta ls  o r  

approach the enormous amount o f  l i t e r a t u r e  d e a l i n g  w i t h  s t a i n l e s s  s t e e l .  However, 

aluminum has been s tud ied  i n  some d e t a i l  and in format ion i s  a v a i l a b l e  on d e f e c t  charac- 

t e r i s t i c s ,  vo ids ,  t ransmutat ions,  and mechanical p r o p e r t i e s .  Surface damaqe e f f e c t s  

must be e x t r a p o l a t e d  f rom data f o r  r e f r a c t o r y  meta ls  s ince  adequate data does n o t  e x i s t  

f o r  aluminum. I n  a d d i t i o n ,  e v a l u a t i o n  o f  aluminum f o r  f u s i o n  des ign a p p l i c a t i o n s  

g e n e r a l l y  r e q u i r e s  h i g h e r  temperature and f l  uence i r r a d i a t i o n s  than have been conducted 

so f a r .  

Al though p ressu r i zed  he1 ium has severa l  advantages f o r  f u s i o n  r e a c t o r  c o o l a n t  

Al though p ressu r i zed  he l ium has severa l  advantages f o r  f u s i o n  r e a c t o r  c o o l a n t  

a p p l i c a t i o n ,  t he  b e s t  ob ta inab le  he l ium p u r i t y  i s  n o t  good enough t o  e n t i r e l y  prevent  

some c o r r o s i o n  r e a c t i o n  w i t h  r e a c t i v e  meta l  a t  e leva ted  temperatures.  Thus, exper iments 

a re  be ing  i n i t i a t e d  t o  study t h e  c o m p a t a b i l i t y  o f  f u s i o n  r e a c t o r  m a t e r i a l s  w i t h  he l ium 

us ing gas loops and autoc laves i n  a vacuum f a c i l i t y  designed f o r  s t u d i e s  o f  metal  r e a c t i o n s  

i n  contaminated hel ium. The m a t e r i a l s  t o  be s t u d i e d  i n c l u d e  aluminum base, i r o n  base, 

and n i c k e l  base a l l o y s  and r e f r a c t o r y  meta ls .  

Helium embr i t t l emen t  i s  one o f  t he  rad ia t i on - induced  damage mechanisms which may l i m i t  

t h e  l i f e  o f  f i r s t  w a l l  m a t e r i a l .  Since he l ium generat ion  r a t e s  w i l l  be h ighe r  i n  f u s i o n  

systems than i n  f i s s i o n  systems, methods f o r  He-charging o t h e r  than f i s s i o n  i r r a d i a t i o n  

need t o  be i n v e s t i g a t e d .  One method, t h e  t r i t i u m  t r i c k ,  i s  c u r r e n t l y  be ing s tud ied  t o  



determine i t s  a p p l i c a b i l i t y  t o  t h e  study o f  he l ium e f f e c t s  i n  meta ls .  The study 

i nc ludes  the  de te rm ina t i on  o f  t h e  mechanical p r o p e r t i e s  of n iobium and vanadium a t  

va r ious  he l ium concent ra t ions.  Embr i t t lement  d i d  n o t  occur f o r  l ow  ( < 100 appm) 

he l ium concen t ra t i ons  i n  e i t h e r  meta l ;  h ighe r  he l ium con ten t  specimens a r e  c u r r e n t l y  

being tes ted .  Helium bubbles a t  g r a i n  boundaries, a p o s t u l a t e d  requ i rement  f o r  embri t- 

t lement,  were n o t  found i n  e i t h e r  metal  a t  t he  t e s t  temperature o f  one -ha l f  t h e  

abso lu te  m e l t i n g  p o i n t .  Bubbles were detec ted i n  vanadium g r a i n  boundar ies a f t e r  a  

1200°C anneal; t h i s  p r e t e s t  anneal technique w i l l  be employed t o  determine he l ium 

bubble e f f e c t s  on mechanical p r o p e r t i e s .  

Cur rent  thermonuclear r e a c t o r  techno1 ogy r e q u i r e s  t h e  use o f  e l e c t r i c a l  i n s u l a t o r s  i n  

va r ious  l o c a t i o n s  which w i l l  be sub jec ted t o  severe i r r a d i a t i o n  and thermal c o n d i t i o n s .  

A  program i s  underway t o  study and eva lua te  t h e  e l e c t r i c a l  and r e l a t e d  p r o p e r t i e s  of 

p o t e n t i a l  i n s u l a t o r s  f o r  CTR des ign.  A  j o i n t  B a t t e l  le-Col  umbus and B a t t e l l  e-Northwest 

rev iew  and e v a l u a t i o n  o f  e l e c t r i c a l  i n s u l a t o r s  was completed and pub l ished.  The 

r e s u l t s  o f  t h i s  r e v i e w  were used as t h e  bas is  f o r  i n i t i a t i n g  a  program t o  e x p e r i -  

mental1 y  measure t h e  e l e c t r i c a l  and i r r a d i a t i o n  p r o p e r t i e s  o f  i n s u l a t o r s .  The s tudy i s  

d i r e c t e d  toward measurements o f  e l e c t r i c a l  r e s i s t i v i t y  and d i e l e c t r i c  breakdown. Mea- 

surements have begun on re fe rence  ox ides and on l e s s  known i n s u l a t o r s  which a r e  i s o -  

t r o p i c  and open c r y s t a l l o g r a p h i c  s t r u c t u r e s ,  e.g., y t t r i u m  ox ide,  alumina-magnesia 

s p i n e l ,  and y t t r i u m  aluminate.  

A  study has been i n i t i a t e d  t o  assess t h e  c u r r e n t  and p r o j e c t e d  a v a i l a b i l i t y ,  pro- 

duci  b i l  i t y ,  and f a b r i c a b i l  i t y  o f  cand idate  f i r s t  w a l l  s t r u c t u r e  m a t e r i a l s .  The 

o b j e c t i v e  i s  t o  i d e n t i f y  major  resource o r  f a b r i c a t i o n  problems i n  t ime  t o  develop 

needed supp ly  and/or component f a b r i c a t i o n  techno log ies  o r  t o  r e d i r e c t  design e f f o r t s  

t o  c i rcumvent t h e  problems. Data on c u r r e n t  and p r o j e c t e d  m a t e r i a l  supply,  resources,  

and i n d u s t r i a l  capac i t y  r e l e v a n t  t o  CTR m a t e r i a l  demands a re  be ing compi led.  The 

in fo rma t ion  u l  t i m a t e l y  w i  11 be reduced t o  a  summary p r e s e n t a t i o n  which can be updated 

p e r i o d i c a l l y .  

Spu t te r  d e p o s i t i o n  may p r o v i d e  an e x c e l l e n t  method f o r  produc ing c e r t a i n  m a t e r i a l s  

such as nu1 t i  f i l amen ta ry  superconductors,  i n s u l a t o r  coat ings,  and b a r r i e r  sur faces.  

Methods have been developed t o  make m u l t i f i l a m e n t a r y  Nb-Al-Ge and Nb-A1 superconductors 
6 c o n t a i n i n g  10 o r  more f i l amen ts  per  square cen t ime te r  i n  a  v o i d - f r e e  m a t r i x  o f  h i g h  

c o n d u c t i v i t y  s t a b i l i z e r  such as copper. Coat ings o f  A1203 up t o  14 m i l s  t h i c k  ( s u f f i c i e n t  

f o r  t h e  t h e t a  p inch  f u s i o n  r e a c t o r )  have been prepared by h i g h  r a t e  s p u t t e r  depos i t i ons .  

Experimental work on t h e  d e p o s i t i o n  o f  aluminum n i t r i d e  a r e  a l s o  underway, as we l l  as 

major  improvements i n  the  s p u t t e r i n g  techn ique.  Plans have been made t o  t e s t  t h e  e l e c -  

t r o n i c  p r o p e r t i e s  o f  t h e  coa t i ngs  by  s t a f f  members a t  BNL, LASL, and PNL. 



Surface Science iiesearch Belated t o  Fusion Reactor Technology 

OK H a r l i n g ,  MT Thomas, DL S t y r i s ,  RL Brodz insk i ,  LA R a n c i t e l l i  

S tud ies  i n  t h e  su r face  science area i n v o l v e  1) t h e  de te rm ina t i on  o f  a b s o l u t e  f a s t  neut ron 

s p u t t e r i n g  r a t i o s  f o r  cand idate  CTR s t r u c t u r a l  m a t e r i a l s  i n c l u d i n g  seve ra l  r e f r a c t o r y  

metals,  and 2)  measurements o f  t he  abso lu te  y i e l d s  o f  r a d i o a c t i v e  i so topes  emi t ted  f rom 

the  sur faces o f  cand idate  CTR m a t e r i a l s  as a  r e s u l t  o f  (D,T) neut ron bombardment. 

The s t r u c t u r e s  o f  f u s i o n  reac to rs ,  (CTR's) w i l l  be sub jec ted t o  i n t e n s e  r a d i a t i o n  f i e l d s  

i n c l u d i n g  f a s t  neutrons.  I n  the  f i r s t  w a l l  reg ion,  14 MeV neut ron c u r r e n t s  a r e  expected 
2 2 t o  range between 4  x  1013 and 4 x  1014 n/cm -sec(l-lOMw/m ).  Furthermore, t h e  t o t a l  f l u x  - o f  MeV neutrons wi 11 be cons ide rab ly  h ighe r  than t h e  p r imary  source c u r r e n t .  

A  v a r i e t y  o f  neut ron e f f e c t s  have been i d e n t i f i e d  as s i g n i f i c a n t  f a c t o r s  i n  t h e  des ign and 
e opera t i on  o f  f u t u r e  CTR's as w e l l  as exper imental  f u s i o n  machines. Neutron e f f e c t s  on t h e  

surfaces o f  t he  CTR f i r s t  w a l l  i n c l u d e  neut ron s p u t t e r i n g  and r a d i o a c t i v e  atom e j e c t i o n  

r e s u l t i n g  f rom d i r e c t  nuc lea r  r e c o i l s  i n  t he  near su r face  reg ion .  The e j e c t i o n  o f  r a d i o -  

a c t i v e  as w e l l  as  non - rad ioac t i ve  m a t e r i a l  f rom the  sur faces o f  t h e  CTR w a l l  s t r u c t u r e ,  

has a  lumber o f  impor tan t  imp1 i c a t i o n s .  These i n c l u d e  p o t e n t i a l  t h i n n i n g  and weakening 

o f  s t r u c t u r e s ,  plasma contaminat ion,  and problems w i t h  r a d i o a c t i v i t y  i n  t he  c o o l i n g  duc ts  

and heat exchangers o f  t he  CTR. 

Dur ing C Y  1974 exper iments were i n i t i a t e d  t o  determine the  abso lu te  s p u t t e r i n g  r a t i o s  f o r  

candidate CTR f i r s t  w a l l  m a t e r i a l s .  PNL has a l s o  begun measurements t o  o b t a i n  t h e  

abso lu te  y i e l d s  o f  r a d i o a c t i v e  atoms e j e c t e d  f rom CTR m a t e r i a l s  as a  r e s u l t  o f  (D,T) 

neut ron bombardment. Some i n i t i a l  r e s u l t s  f o r  neut ron s p u t t e r i n g  r a t i o s  f o r  Nb and Au 

a re  g iven i n  Table 17. 

TABLE 17. - ( D  ,T) Neutron S p u t t e r i n g  Y i e l d s  by Neutrbn A c t i v i a t i o n  Ana lys is  

TARGET FLUENCE FORWARD BACKWARD 

( D, T) NEUTRONS atoms/ atoms/ 

MLTERIAL xl~-l (D,T) neut .  (D,T) neut .  

Nb 
S i n g l e  X'1 5.6 54 X 56 X 10:: 
Annealed Fo i  1  5.1 64 X 10:: 5 3  X 
CW F o i l  3.6 58.3 X 58.3 X 
CW Fo i  1  12.2 51.1 X 10 21.5 X 10 

Au 
Annealed Fo i  1 



The s p u t t e r i n g  r a t i o s  i n T a b l e  17 a r e  upper l i m i t s .  These upper l i m i t s  a r e  r e l a t i v e l y  l o w  

and a r e  seve ra l  o r d e r s  o f  magni tude lower  t han  r e s u l t s  r e p o r t e d  by a group a t  t h e  Argonne 

Na t i ona l  Labo ra to ry .  Conf i r r n a t i  on o f  these r e s u l t s  by f u r t h e r  measurelnents o f  v e r y  1  ow 

s p u t t e r i n g  r a t i o s  would i n d i c a t e  t h a t  neu t ron  s p u t t e r i n g  w i l l  n o t  p resent  a ma jo r  prcrbler: 

i n  f i r s t  w a l l  e r o s i o n  o f  f u t u r e  CTR's. 

Ex tens i ve  measurements o f  r a d i o a c t i v e  r e c o i  1  atoms r e s u l  t i n g  f rom (D,T) neu t ron  bombard- 

ment of CTR meta ls ,  have been made. I n i t i a l  r e s u l t s  a r e  presented i n  F i g u r e  11 f o r  

severa l  me ta l s  i n c l u d i n g  some r e f r a c t o r i e s  wh ich  a r e  cand idates  f o r  f i r s t  w a l l  c o n s t r u c t i o n .  

2 A D l i A C C ; I V i  2 tCOIL 
ATO;f18 Y i ELDS i R  OM 
(D, T) NiUTRCNS 

FIGURE 11. Rad ioac t i ve  Atom Y i e l d s  f r o m  Nuc lear  Reco i l s ,  i n  t h e  Forward 
D i r e c t i o n ,  R e s u l t i n g  f r o m  a (D,T) Neutron Cur ren t  on Var ious  
Metal  F o i l s  

Major  r a d i o a c t i v i t y  problems can be expected t o  occur  i n  t he  c o o l i n g  duc ts  and heat  

exchangers o f  f u s i o n  r e a c t o r s  due t o  r a d i o a c t i v e  m a t e r i a l  e j e c t e d  f rom su r faces  under 

neu t ron  bombardment. For  example: i n  t h e  UWMAK-1 des ign  i f  t h e  f i r s t  w a l l  s t r u c t u r e  i s  

made o f  Nb, t h e  e q u i l i b r i u m  r a d i o a c t i v i t y  f rom 9 2 m ~ b  e j e c t e d  from t h e  c o o l i n g  d u c t  surfaces 
2  i s  expected t o  be c5000 c u r i e s  f o r  a  1  Mw/m w a l l  l o a d i n g .  Resu l t s  of t h e  t y p e  shown i n  

F i g u r e  11 w i l l  p r o v i d e  i m p o r t a n t  i n p u t  i n  t he  des ign  o f  f u t u r e  CTR's. 
b 



Structu~ul liamage Characterization 

JL B r i m h a l l ,  ER Brad ley ,  EP Simonen, HE K i s s i n g e r  

Th is  work cha rac te r i zes  r a d i a t i o n  induced s t r u c t u r a l  damage i n  p o t e n t i a l  CTR f i r s t  w a l l  

m a t e r i a l s .  The i n v e s t i g a t i o n  i s  s p e c i f i c a l l y  d i r e c t e d  a t  determin ing t h e  na tu re  o f  d i s -  

placement damage a t  h i g h  doses by heavy i o n  bombardment. Cur ren t l y ,  t h e  e f f e c t  o f  para- 

meters u n i q u e l y  assoc ia ted w i t h  i o n  bombardment a r e  be ing eva luated t o  more tho rough ly  

understand t h e  i o n  s i m u l a t i o n  technique and make b e t t e r  c o r r e l a t i o n  w i t h  neut ron i r r a d i a t i o n .  

SURFACE EFFECTS I N  ION BOMBARDED MOLYBDENUM 
A 

High p u r i t y  molybdenum d i s c s  have been bombarded a t  1000+25"C w i t h  5  MeV ~i++ ions  a t  d i s -  

placement r a t e s  o f  3 x 1 0 - ~ ,  1 .8x10-~ ,  and 8 x 1 0 - ~  dpa/sec, and t h e  m i c r o s t r u c t u r e s  have been 

examined a t  the bombarded sur faces by t ransmiss ion  e l e c t r o n  microscopy. Voids were observed 

i n  the t h i n n e s t  reg ions  o f  a l l  t h ree  f o i l s .  The w i d t h  o f  t he  denuded r e g i o n  i n  the  specimen 

bombarded a t  t he  lowest  dose r a t e  was determined by  s t e r e o  a n a l y s i s  t o  be l e s s  than 100 8 .  
The w i d t h  o f  t he  denuded zone should be l e s s  i n  the  specimens bombarded a t  t h e  h ighe r  dose 

r a t e s  s ince  the re  i s  an i nve rse  r e l a t i o n s h i p  between dose r a t e  and the  w i d t h  o f  t h e  

denuded zones. 

The dose r a t e  dependence o f  t h e  .average s i z e  o f  t h e  v o i d s  observed a t  t h e  su r face  o f  the  

specimens i s  g i ven  i n  Table 18. The decrease i n  s i z e  w i t h  i n c r e a s i n g  dose r a t e  can be 

a t t r i b u t e d  t o  t h e  dose r a t e  e f f e c t  and i t s  corresponding temperature s h i f t  which i s  ca l cu -  

l a t e d  t o  be approx imate ly  100°C between t h e  h i g h  and low  dose r a t e s .  The -30 1 d i f f e r e n c e  

i n  s i z e  agrees reasonably  w e l l  w i t h  t h e  -25 8 d i f f e r e n c e  repo r ted  f o r  neut ron i r r a d i a t e d  
10 molybdenum. 

TABLE 18. Void S ize  as a  Funct ion  o f  Dose Rate f o r  High P u r i t y  Mol bydenum, Bombarded 

w i t h  5  MeV ~i++ Ions a t  a  Temperature o f  1000" + 25°C. 

Dose Rate (dpa lsec)  Dose (dpa) Average Void Diameter (i) 
A t  Bombarded Sur f  ace 

4  3x1 0-3 6  5623 
1 . 8 ~ 1  Om3 6  41 k3 

8x 1  0- 6  530k3 

0 

~ 3 0 0 0  A Below Bombarded Surface 

4x 1  0-! 8 51 +3 
2 . 4 ~ 1 9 - ~  8 45+3 

1x10- 8  34+3 



The dose r a t e  dependence o f  t h e  average s i z e  o f  t h e  v o i d s  observed  i n  specimens w i t h  
0 

a3000 A  removed f r o m  t h e  bombarded s u r f a c e  i s  g i v e n  i n  T a b l e  18. Comparison between t hese . '  

d a t a  and d a t a  t a k e n  a t  t h e  s u r f a c e ' i n d i c a t e  t h a t  t h e  v o i d  s i z e  i n c r e a s e d  i n  specimens bom- 

barded  a t  t h e  h i g h e r  two dose r a t e s  and decreased i n  t h e  specimen bombarded a t  t h e  l o w e s t  

dose r a t e .  An i n c r e a s e  i n  v o i d  s i z e  i s  expec ted  due t o  t h e  i n c r e a s e d  d i sp l acemen t  damage 

below t h e  s u r f a c e .  The decrease  i n  s i z e  observed  i n  t h e  l o w  dose r a t e  specimen may s i g n i f y  

a  su r f ace  e f f e c t  where v o i d  g row th  i s  enhanced nea r  a  f r e e  s u r f a c e .  

The p r e l i m i n a r y  d a t a  show t h a t  i n  i o n  bombardment s t u d i e s  u s i n g  h i g h  dose r a t e s ,  nea r -  

s u r f a c e  e f f e c t s  such as  v o i d  denud ing  a r e  n o t  s i g n i f i c a n t .  A t  low dose r a t e s ,  s u r f a c e  

e f f e c t s  may have t o  be cons ide red .  

BCC ION CORRELATION EXPERIMENT ., 
An i n t e r l a b o r a t o r y  i o n  c o r r e l a t i o n  expe r imen t  has been deve loped a s  a  r e s u l t  o f  a  m e e t i n g  

a t  B a t t e l  l e  S e a t t l e  Research Cente r .  The goa l  o f  t h e  expe r imen t  i s  t o  make an  i n t e r -  
s 

l a b o r a t o r y  compar ison  o f  t h e  m i c r o s t r u c t u r e  i n  an i d e n t i c a l  m a t e r i a l  b y  v a r i o u s  i o n  

i r r a d i a t i o n s  a t  d i f f e r e n t  l a b o r a t o r i e s .  Those l a b o r a t o r i e s  p a r t i c i p a t i n g  i n  t h e  e x p e r i -  

ment w i l l  be P a c i f i c  No r t hwes t  L a b o r a t o r y ,  U n i v e r s i t y  o f  Wiscons in ,  Massachuse t ts  I n s t i t u t e  

o f  Techno1 ogy, A tomics  I n t e r n a t i o n a l  , Naval  Research L a b o r a t o r y  and Argonne N a t i o n a l  Labora-  

t o r y / U n i v e r s i t y  o f  C i n c i n n a t i .  I n  t h e  exper iment ,  molybdenum f r o m  a  common sou rce  w i l l  be 

d i s t r i b u t e d  t o  t h e  l a b o r a t o r i e s  f o r  i o n  bombardment and a n a l y s i s  o f  t h e  m i c r o s t r u c t u r e .  

A1 1  o f  t h e  l a b o r a t o r i e s  wi  11 c a r r y  o u t  t h e  expe r imen t s  u s i n g  expe r imen ta l  parameters  m u t u a l l y  

agreed  upon. The p r i n c i p a l  c o n d i t i o n s  a r e  an i r r a d i a t i o n  t empe ra tu re  o f  900°C, a  dose o f  

20 dpa and a  dose r a t e  o f  2 x l 0 - ~  dpa l sec .  The p l a n s  a r e  t o  compare and c o r r e l a t e  t h e  

r e s u l t s  f r o m  t h e  expe r imen t s  when t h e y  become a v a i l a b l e .  I t  i s  expec ted  t h a t  r e s u l t s  f r o m  

such an  i n t e r l a b o r a t o r y  compar ison  would a l l o w  c o n c l u s i o n s  f r o m  v a r i o u s  l a b o r a t o r i e s  t o  have 

common bases. 

He l ium i o n s  have been i n j e c t e d  s i m u l t a n e o u s l y  w i t h  n i c k e l  i o n s  i n t o  molybdenum t o  de te rm ine  

t h e  e f f e c t  o f  h e l i u m  on  v o i d  n u c l e a t i o n .  S imu l taneous  i n j e c t i o n  o f  h e l i u m  shou ld  p r o v i d e  a  

b e t t e r  s i m u l a t i o n  o f  a c t u a l  r e a c t o r  c o n d i t i o n s  t h a n  p r e i n j e c t i o n .  - A t  a  t empe ra tu re  o f  

900°C and a  d i sp l acemen t  dose r a t e  o f  1 . 4 ~ 1 0 - ~  dpa/sec, t h e r e  was no d i f f e r e n c e  i n  v o i d  

s i z e  between specimens i n  wh i ch  t h e  h e l i u m  was i n j e c t e d  s i m u l t a n e o u s l y  and t h o s e  i n  wh i ch  

t h e r e  was n o t  h e l i u m  i n j e c t e d .  There  was a  sma l l  e f f e c t  i f  t h e  h e l i u m  was p r e - i n j e c t e d  

i n t o  t h e  specimens. Tab le  19 shows t h e  measured v o i d  s i z e s  f o r  t h e  t h r e e  i r r a d i a t i o n  c 

c o n d i t i o n s .  The absence o f  a  s t r o n g  h e l i u m  e f f e c t  under  t hese  bombardment c o n d i t i o n s  i s  i n  

 his work s u ~ p o r t e d  b y  D i v i s i o n  o f  P h y s i c a l  Research 



agreement w i t h  n u c l e a t i o n  theo ry  and i s  r e l a t e d  t o  the  ve ry  h i g h  displacement r a t e s  used 

i n  t h e  experiments. Experiments a re  underway u s i n g  a  lower  displacement r a t e  t o  determine 

i f  hel ium e f f e c t s  can be generated. The r e s u l t s  show t h a t  t h e  dose r a t e  and temperature 

w i l l  be c r i t i c a l  f a c t o r s  i n  determin ing t h e  magnitude o f  t h e  hel ium e f f e c t  on v o i d  

nuc lea t i on .  

TABLE 19. Vo id  S ize i n  I o n  Bombarded Molybdenum, Bombarded Under D i f f e r e n t  
Condi t ions  o f  Hel ium I n j e c t i o n  

Bombardment Cond i t i on  Dose (dpa) Void S ize  (i) 

No He1 ium 6 38 53 
5  3  54 i 3  

He P r e i n j e c t e d  P r i o r  6 28+3 
t o  Ni i o n  Bombardment 53 45 +3 

He Simul taneous ly  6 41 +3 
I n j e c t e d  Dur ing N i  i o n  5  3  51 +3 

Bombardment 



Ion Beam Simulation of  Fast Neutron Damage for  MeckanicaZ Property Measurements 

RH Jones, DE S t y r i s ,  OK H a r l i n g ,  RP M a r s h a l l  

P resen t  n e u t r o n  sources  cannot  p r o v i d e  t h e  n e u t r o n  ene rgy  spec t rum and f l u e n c e s  wh i ch  w i l l  
23 be p r e s e n t  i n  f u t u r e  f u s i o n  r e a c t o r s .  Even a t  l o w e r  e n e r g i e s  a  CTR f l u e n c e  o f  3x10 n/cm2 

would r e q u i r e  f i v e  t o  t e n  y e a r s  i n  t h e  expe r imen ta l  r e a c t o r  EBR-11. Charged p a r t i c l e  bom- 

bardment can  s i m u l a t e  t h e  f u s i o n  n e u t r o n  damage l e v e l s  a t  r a t e s  i n  excess o f  e x i s t i n g  f i s -  

s i o n  r e a c t o r  i r r a d i a t i o n  f a c i l i t i e s .  I o n  beam measurements a r e  r e l a t i v e l y  easy  t o  i n s t r u m e n t  

as compared t o  i n - r e a c t o r  measurements. H i g h  l e v e l s  o f  r a d i o a c t i v i t y  a r e  avo ided  w i t h  i n -  

beam i r r a d i a t i o n .  These advantages o f  ion-beam s i m u l a t i o n  a r e  expec ted  t o  a l l o w  measure- 

ment t o  be made w i t h  g r e a t e r  s o p h i s t i c a t i o n ,  speed, ease, and t h e r e f o r e ,  l e s s  c o s t  t h a n  

i s  p o s s i b l e  w i t h  r e a c t o r s .  S t u d i e s  have been made t o  de te rm ine  t h e  e f f e c t  o f  CTR r e l e v a n t  
.I 

neu t rons  on  t h e  mechan ica l  p r o p e r t i e s  o f  c a n d i d a t e  CTR m a t e r i a l s  b y  bombardment i n  o t h e r  

p a r t i c l e  beams. 

The e x t e n t  t o  wh i ch  p e n e t r a t i n g  i o n s  s i m u l a t e  n e u t r o n  damage t o  mechan ica l  p r o p e r t i e s  i n  

m e t a l s  i s  b e i n g  s t u d i e d  f o r  a p p l i c a t i o n  t o  c a n d i d a t e  CTR a l l o y s  f o r  d e t e r m i n i n g  t h e  damage- 

p r o p e r t y  r e l a t i o n s h i p s  i n  t h e  f u s i o n  r e a c t o r  env i ronment .  Dependinq o n  t h e  degree  o f  

s i m u l a t i o n  a t t a i n a b l e ,  i o n  beam s i m u l a t i o n  o f  f a s t  n e u t r o n  damage w i l l  p rove  u s e f u l  i n  one 

o r  a l l  o f  t h e  f o l l o w i n g  c a t e g o r i e s :  

Qua1 i t a t i v e ,  where mechan ica l  t e s t s  d u r i n g  o r  a f t e r  ion-bombardment wou ld  i n d i c a t e  

t h e  r e l a t i v e  magn i tude  o f  damage and p e r m i t  v a l i d  compar isons o f  chem is t r y ,  s t r u c t u r e ,  

o r  me ta l  system parameters.  These d a t a  wou ld  n o t  be a b s o l u t e l y  p r e d i c t i v e  o f  CTR 

n e u t r o n  damage. 

Phenomenologica l ,  where p r o p e r t y  t e s t s  i n  t h e  p a r t i c l e  beams wou ld  be  used t o  

i n v e s t i g a t e  r a t e ,  tempera tu re ,  t i m e  e f f e c t s  on  d e f o r m a t i o n  b e h a v i o r  t h a t  a r e  d i f f i c u l t  

o r  c o s t l y  t o  pursue  i n  a  n e u t r o n  env i ronment .  

Q u a n t i t a t i v e ,  where t h e  r e s u l t s  on ion-beam t e s t s  can be made p r e d i c t i v e  o f  mechan ica l  

b e h a v i o r  i n  CTR e n g i n e e r i n g  dev i ces .  

I d e n t i f y i n g  t h e  c r i t i c a l  expe r imen ta l  problems,  program p l a n n i n g ,  e s t a b l i s h i n g  a  commi t tee  

o f  t e c h n i c a l  a d v i s o r s ,  v i s i t i n g  U.S. and European CTR d e s i g n  teams, r e v i e w i n g  t h e  l i t e r a -  

t u r e  on mic ro -spec imen p r e p a r a t i o n ,  t e s t i n g  and d e f o r m a t i o n  modes, and i o n  damage i n  

c a n d i d a t e  m e t a l s  a r e  a reas  wh i ch  a r e  r e c e i v i n g  a t t e n t i o n  i n  t h e  e a r l y  s t ages  o f  t h i s  p r o -  

gram. F i g u r e  12 i l l u s t r a t e s  t h e  d a t a  i n p u t  and ma jo r  t a s k s  r e q u i r e d .  A t  t h i s  t i m e ,  * 

Spence Bush o f  PNL, E. R. Pa rke r  o f  U n i v e r s i t y  o f  C a l i f o r n i a  a t  Be rke l ey ,  Arden Bement 

f rom MIT, and Ge ra l d  L .  K u l c i n s k i  o f  t h e  U n i v e r s i t y  of Wiscons in  have j o i n e d  o u r  t e c h n i c a l  

a d v i s o r y  commit tee.  V i s i t s  t o  Lawrence L i  vermore L a b o r a t o r i e s ,  U n i v e r s i t y  of  Wiscons in ,  
1 



Pr ince ton  Plasma Physics Lab., M I T ,  Harwel l ,  and Russian exper imenta l  f u s i o n  r e a c t o r  

groups have been made. Arrangements a r e  be ing made f o r  c l o s e  cooperat ion  between P?JL 

and o the r  l a b o r a t o r i e s  i n v o l  ved i n  r e l a t e d  r a d i a t i o n  damage s tud ies .  
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FIGURE 12. Data I n p u t  and Major  Tasks Required f o r  Program -- 

Some areas r e q u i r i n g  concentrated e f f o r t  i n  o rde r  t o  r e a l i z e  the  program goa ls  a re  r e l a t i n q  

the micro-specimen p r o p e r t i e s  t o  b u l k  p r o p e r t i e s ,  apparatus des ign f o r  temperature c o n t r o l  

and s t r a i n  measurement d u r i n g  i n - a c c e l e r a t o r  t e s t i n g ,  t he  exper imental  d e t a i l s  f o r  r e l a t i n 4  

the p r o p e r t i e s  o f  neut ron and i o n  i r r a d i a t e d  samples and the e f f e c t  of surface chemis t ry  

and de fec ts  on p r o p e r t i e s  i n  h i g h  surface/volume r a t i o  specimens. 

The va lue o f  p e n e t r a t i n g  i o n  beams f o r  s i m u l a t i n g  neut ron damage i n  meta ls  f o r  mechanical 

p r o p e r t y  measurements i s  expected t o  be assessed w i t h i n  a  t h r e e  t o  f o u r  year  pe r iod .  The 

a p p l i c a t i o n  o f  t h i s  technique f o r  a l l o y  s e l e c t i o n  and development and the f o r m u l a t i o n  o f  

* q u a n t i t a t i v e  design equat ions f o r  CTR purposes i s  a  l onger  range goa l .  



Evaluation of Carbons and Graphites f o r  Controlled Thermonuclear Reactor Appjlicatiuns 

L R  Bunnell, WJ Gray, WC Morgan, GL Tingey 

Many CTR concepts ca l l  for  graphite in the blanket and/or shield regions. In addit ion,  

some recently proposed concepts 6 y 7 y 8  have suggested the use of graphite o r  graphite  cloth 

between the plasma and f i r s t  s t ruc tura l  wall. Graphite temperatures in the l a t t e r  appli- 

cations could range u p  t o  2000°C. In some of these new concepts, lithium and/or beryllium 

bearing compounds would be placed in the graphite regions t o  improve the t r i t ium breeding 

r a t io .  Location of the graphite  inside the vacuum wall and adjacent t o  the plasma requires 

the assessment of potential problems and increases the importance of others .  Specif ic  areas 

being investigated include: a 

Evaluation of radiat ion damage e f f ec t s .  

Experimental tes t ing  of the correlat ion between damage production ra tes  in f i s s ion  

reactor  spectra and those from higher neutron energies found i n  a C T R .  
b 

Evaluation of the r a t e  of sputtering of carbon from the surface of the f i r s t  wall in to  

the plasma. This work i s  being done in conjunction with other  surface science 

research presented in t h i s  report .  

Evaluation of outgassing problems including hydrogen and he1 ium sorption and 

desorpti on propert ies .  . Evaluation of potential for  carbon removal and transport  due to reactions with 

hydrogen and the potential for  reactions with impurities in gaseous coolants. 

Results of l i te , rature reviews and other preliminary work in a number of areas follow in 

summary together with some plans fo r  the future.  

Graphite Lifetimes 

Conn, e t  a l . '  have projected graphite cloth l i fe t imes  in a CTR as  about two years. Fcr 
t h e i r  projection to be va l id ,  the graphite cloth must be assumed to have a radiat ion 

s t a b i l i t y  comparable t o  so l id  nuclear grade graphites. In our opinion, the l i fe t imes  of 

c lo ths  may be much d i f f e ren t  ( e i the r  longer or  sho r t e r ) .  Temperature must a l so  be consid- 

ered when projecting l i fe t imes .  Using the atomic displacement ra tes  a t  the inner surface 

of the graphite region calculated by Conn, e t  a1 . , 7  we have projected the minimum expected 

l i fet imes for  so l id  graphites  as  a function of temperature, as shown i n  Figure 13. Four 

things should be noted: 

1 )  The temperature range 900-1200°C produces the shor tes t  l i fe t imes .  

2 )  There are  insuff ic ien t  data above about 1300°C to  project  l i fet imes -- however, 

we believe l i fet imes above 1300°C should be equal to  or  grea ter  than those found 

below 800°C. 



3 )  Some improved g raph i  t e s  have s i g n i f i c a n t l y  l onger  1  i f e t i m e s  than t y p i c a l  nuc lea r  

grade g r a p h i t e s  b u t  c o s t  as much as 10 t imes more. 

4 )  The p r o j e c t e d  l i f e t i m e s  were somewhat a r b i t r a r i l y  s e t  equal t o  t h e  t ime  r e q u i r e d  

f o r  t he  g r a p h i t e  t o  f i r s t  s h r i n k  and then expand back t o  i t s  o r i g i n a l  dimension. 

Longer l i f e t i m e s  cou ld  be r e a l i z e d  i f  al lowances were made f o r  some n e t  expansion. 
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FIGLIRE 13. Minimum Expected L i f e t i m e  o f  Graph i te  i n  F i r s t  Wall 
CTR A p p l i c a t i o n s  a t  1  MW/m2 Wall Loading 

While a  g r e a t  deal i s  known about r a d i a t i o n  e f f e c t s  i n  s o l i d  nuc lea r  grade g raph i tes ,  a lmost 

n o t h i n g  i s  known about r a d i a t i o n  e f f e c t s  i n  c l o t h s .  Because t h e  use o f  carbon o r  g r a p h i t e  
(r c l o t h s  i s  now r e c e i v i n g  a t t e n t i o n ,  arrangements a re  be ing made t o  i r r a d i a t e  some o f  these 

22 2 
m a t e r i a l s  i n  the  EBR-I1 beg inn ing i n  t h e  s p r i n g  o f  1975. Fluences approaching 10 n/cm 

w i l l  be achieved a f t e r  about one y e a r ' s  i r r a d i a t i o n .  



Atomic Di s p l  acement Rates 

Changes i n  t h e  Young's modulus o f  stress-annealed p y r o l y t i c  g r a p h i t e  can be de tec ted  a f t e r  

f l uences  as low as 10" n/cm2. PNL p lans t o  i r r a d i a t e  samples o f  t h i s  g r a p h i t e  i n  v a r i o u s  

high-energy neu t ron  sources and, by measuring t h e  r e l a t i v e  changes i n  Young's modulus, 

determine t h e  r e l a t i v e  atomic displacement r a t e s  i n  the  d i f f e r e n t  neut ron spect ra .  Tech- 

niques a r e  c u r r e n t l y  be ing developed t o  prepare t h i s  v e r y  f r a g i l e  g r a p h i t e  i n  t h e  smal l  

s i z e  r e q u i r e d  and f o r  measuring t h e  Young's modulus. 

S p u t t e r i n g  Measurements 

Measurements o f  carbon s p u t t e r i n g  r a t e s  should be done on s ingle-phase homogeneous m a t e r i a l s  

such as very  h i g h l y  o r i e n t e d  g r a p h i t e  o r  v e r y  i s o t r o p i c  p y r o l y t i c  carbon so as t o  avo id  

amb igu i t i es  i n  t h e  event  t h a t  s p u t t e r i n g  r a t e s  a r e  dependent on s t r u c t u r e  and/or o r i e n t -  

a t i o n .  Q u a n t i t a t i v e  de te rm ina t i on  o f  t h e  number o f  spu t te red  carbon atoms appears d i f f i c u l t  
* 

a t  best .  Labe l i ng  t h e  samples w i t h  carbon-14 seemed a p p r o p r i a t e  b u t  t h e  cos t  appears pro- 

h i b i t i v e .  An excep t ion  t o  t h i s  c o s t  dilemma may be t o  l a b e l  g lassy  carbon u s i n g  a l a b e l e d  
a 

pheno l i c  r e s i n  as a precursor .  Glassy carbon i s  a l s o  a v e r y  homogeneous, v e r y  i s o t r o p i c  

m a t e r i a l  t h a t  represents  one extreme o f  a whole spectrum of  p o s s i b l e  types o f  carbon and 

g r a p h i t e  m a t e r i a l s .  PNL has asked f o r  b i d s  on t h e  l a b e l e d  pheno l i c  p recu rso r  i n t e n d i n g  

t o  o r d e r  some o f  t h i s  m a t e r i a l .  D e l i v e r y  t imes a r e  expected t o  be long,  and a c t u a l  

s p u t t e r i n g  measurements w i l l  p robab ly  n o t  beg in  f o r  severa l  months. 

Outgassing 

The degassing o f  g r a p h i t e  i s  a r a t h e r  complex problem. Most o f  t he  s tud ies  t o  date  have been 

done a t  f a i r l y  h i g h  pressures T o r r )  and t h e  remainder o f  t he  pumpdown i s  much l e s s  

c l e a r .  I n  recen t  h i g h  vacuum work, p o l y c r y s t a l  l i n e  g r a p h i t e  specimens o n l y  0.01 cm t h i c k  were 

used which had p r e v i o u s l y  undergone a 24-hr, 300°C outgass ing t rea tmen t  and t h e  outqass ing 

was found no worse than a tungsten f i lament . '  The ease w i t h  which t h e  g r a p h i t e  was de- 

gassed may be o p t i m i s t i c  because o f  t he  r e l a t i v e  absence o f  d i f f u s i o n  e f f e c t s  which would 

be p resen t  i n  l a r g e  p ieces.  Water should be desorbed a t  a temperature t h a t  i s  low enough 

t o  prevent  decomposi t ion reac t i ons .  Recent data  show t h a t  oxygen thus produced can be v e r y  

d i f f i c u l t  t o  remove. Our l i t e r a t u r e  search i s  c o n t i n u i n g  b u t  i t  appears t h a t  much more 

exper imental  data  w i  11 be r e q u i r e d  t o  r e s o l v e  t h e  outgass inq quest ions f o r  CTR a p p l i c a t i o n s .  

Hydrocarbon Forma t i o n  

A s tudy  o f  t h e  p o t e n t i a l  f o r  carbon removal by  r e a c t i o n s  w i t h  hydrogen r e q u i r e s  knowledge 

o f  p e r t i n e n t  e q u i l i b r i u m  constants  such as shown i n  F igu re  14. A l l  carbon l o c a t e d  between 

the  plasma and t h e  f i r s t  s t r u c t u r a l  w a l l  w i l l  l i k e l y  be main ta ined a t  a h i g h  temperature 



so t h a t  hea t  t r a n s f e r  w i l l  occu r  p r i m a r i  l y  by  r a d i a t i o n .  The h i g h  t empera tu re  l i m i t  i s  

r e s t r i c t e d  b y  t h e  s u b l i m a t i o n  r a t e  o f  carbon.  Thus f o r  t h e  purposes o f  t h i s  a n a l y s i s ,  

t h e  carbon tempera tu res  were assumed t o  be r e s t r i c t e d  t o  t h e  range  o f  1000 t o  2500°C w i t h  
- 

maximum Hp c o n c e n t r a t i o n  o f  atmospheres. T h i s  c o n c e n t r a t i o n  i s  h i g h e r  b y  a f a c t o r  o f  

a t  l e a s t  100 t h a n  t h e  vacuum chamber b u t  was pu rpose l y  chosen t o  be h i g h  t o  account  f o r  

cases where t r i t i u m  i s  genera ted  i n s i d e  t h e  carbon and must  d i f f u s e  o u t .  T a b l e  20 shows 
- 5 

t h e  maximum hydrocarbon c o n c e n t r a t i o n  wh ich  would be i n  e q u i l i b r i u m  w i t h  10 atm o f  

hydrogen and s o l i d  ca rbon  w i t h i n  t h e  tempera tu re  range.  As observed, C2H2 w i l l  have t h e  

h i g h e s t  c o n c e n t r a t i o n  (1  o - ~  atm) a t  2500°C. CH4 c o n c e n t r a t i o n s  w i l l  neve r  exceed 1 0 - l 2  atm 

and a1 l o t h e r  hydrocarbon c o n c e n t r a t i o n s  w i l l  be v e r y  much l owe r .  

FIGURE 14. E q u i l i b r i u m  Constan ts  f o r  t h e  Format ion  o f  Se lec ted  Hydrocarbons 



The r a t e  of carbon removal i s  not necessa r i ly  con t ro l l ed  by the  equi l ibr ium concen t ra t ions  

but r a t h e r  by t h e  r a t e  of the  reac t ion  and by the  r a t e  of t r a n s p o r t  t o  a  s ink f o r  t h e  

hydrocarbon. The reac t ion  r a t e s  a r e  expected t o  be high a t  these  temperatures and t h e  

t r anspor t  r a t e  w i l l  be a  d i r e c t  funct ion of concentra t ion.  Thus, i t  appears t h a t  carbon 

t ranspor t  wi l l  be very slow a t  the  extremely low hydrocarbon concentra t ions  p red ic ted .  

High energy processes  ( p a r t i c l e s  and e lect romagnet ic)  wi l l  pe r tu rb  the  thermal r a t e s  and 

a  f u r t h e r  eva lua t ion  wi l l  be required to  def ine  t h e i r  importance. 

TABLE 20. Maximum Hydrocarbon Concentration 

Maximum 
Esuil ibrium 

Hydrocarbon 
Concentration A t  

Reaction Constant Temperature [ ~ ~ 1 = 1 0 - ~  atrn 

lo- '  atm 

10-12atm 
- 

10-3. 38 
C+3/2H2Z: /2C2H6 1000°C atm 

o- 1  .53  
C+1 /2H2$1 /6C6H6 2 500" C atm 

o- 2.90 
C+H2tl /2C2H4 2500°C 10-l6 atm 



Radiation E f f ec t s  i n  Alwninm i n  Relat ion t o  Fusion Reactor Design* 

HE K i s s i n g e r  

The l i t e r a t u r e  d e a l i n g  w i t h  i r r a d i a t i o n  e f f e c t s  i n  aluminum cannot compare i n  volume w i t h  

t h a t  f o r  copper, n i c k e l ,  o r  t h e  noble metals nor  approach t h e  tremendous amount of l i t e r a -  

t u r e  d e a l i n g  w i t h  s t a i n l e s s  s t e e l .  However, aluminum has been s t u d i e d  i n  some d e t a i l  and 

s ince t h e  metal  i s  impor tan t  t o  f u s i o n  r e a c t o r  des ign a  p o r t i o n  of t h e  l i t e r a t u r e  which i s  

considered appl  i cab1 e  has been reviewed. 

LOW TEMPERATURE IRRADIATION, 4.2"K t o  20°K 

Experiments conducted a t  temperatures between 4.Z°K and 20°K were g e n e r a l l y  in tended t o  

s tudy the phys i cs  of p o i n t  defects.  General references1'  and symposia12 e x i s t  which 

sumnarize t h e  bu l k  o f  t h i s  work. Samples u s u a l l y  rece i ved  q u i t e  moderate f l uences  i n  

c ryogen ic  environments. E l e c t r i c a l  r e s i s t i v i t y  was a  common technique w i t h  r e s i s t i v i t y  

changes on anneal i n g  p r o v i d i n g  data  f rom which t h e  defect  p r o p e r t i e s  cou ld  be der ived.  

I n  comparison t o  o t h e r  metals s tud ied,  aluminum has a  low displacement energy and a  low 

vacancy fo rma t ion  energy. These f a c t o r s  combined w i t h  t h e  low atomic weight  y i e l d  a  h i g h  

damage r a t e  approx imate ly  th ree  t imes t h a t  f o r  copper. 13 

VOIDS 

I r r a d i a t i o n  o f  most meta ls  a t  app rop r ia te  temperatures may r e s u l t  i n  t h e  fo rma t ion  o f  vo ids .  

Voids produce a  volume change, o r  s w e l l i n g ,  which may be as much as 10% o r  more. The mech- 

anisms o f  v o i d  n u c l e a t i o n  and growth a r e  s t i l l  unc lear ;  a  comprehensive rev iew  summarizes 

t h e  a v a i l a b l e  data  and t h e o r e t i c a l  work. 14 

Aluminum i s  one o f  t he  few meta ls  i n  wh ich vo ids  a re  formed d u r i n g  room-temperature i r r a d i a -  

t i o n .  Voids form most r e a d i l y  (i .e., a t  lower  f l uences )  i n  h i g h l y  pure A1 b u t  l e s s  r e a d i l y  

i n  impure A1 and c e r t a i n  s o l i d - s o l u t i o n  a l l o y s .  P rec ip i t a t i on -ha rdened  a l l o y s  such as t h e  

6000 s e r i e s  a re  most r e s i s t a n t  t o  v o i d  format ion.  A  s tudy found the  f l u e n c e  t o  produce 

a  g i v e n  d e n s i t y  change was 2 o rde rs  o f  magnitude h i g h e r  f o r  6061 A1 than f o r  a  h i q h - p u r i t y  

sample. 15 

The upper temperature l i m i t  f o r  vo id  fo rma t ion  i n  A1 has been repo r ted  t o  be between 

i 220" and 250°C and t h a t  c o l d  work ing t h e  sample be fo re  i r r a d i a t i o n  ( a t  55°C) appeared t o  

increase the  swe l l i ng .16  I n  most meta ls ,  cold-work i n h i b i t s  s w e l l i n g .  The i n f l u e n c e  of 

g r a i n  boundar ies was demonstrated i n  a  s e r i e s  o f  i r r a d i a t i o n s  a t  125°C and 150°C. 
17 

Regions near g r a i n  boundar ies c o n t a i n  few vo ids ,  a  phenomenon c a l l e d  " g r a i n  boundary 

denuding." The w i d t h  o f  the  denuded zone increases w i t h  i n c r e a s i n g  i r r a d i a t i o n  temperature.  

*work sponsored by the  D i v i s i o n  o f  Phys ica l  Research 



The denuded zone i s  n o t  f r e e  o f  v o i d s ;  u s u a l l y  a band o f  v e r y  l a r g e  v o i d s  i s  formed on 

o r  v e r y  nea r  t h e  g r a i n  boundary i t s e l f .  A t  tempera tu res  app roach ing  t h e  upper  l i m i t  f o r  

v o i d  f o r m a t i o n  t h e  denuded zone may ex tend  e n t i r e l y  ac ross  t h e  g r a i n  l e a v i n g  o n l y  t h e  

v o i d s  i n  t h e  nea r -g ra i n -bounda ry  r e g i o n .  18 

I t  i s  a n t i c i p a t e d  t h a t  a f u s i o n  r e a c t o r  w i t h  aluminum components wou ld  o p e r a t e  a t  tempera- 

t u r e s  o f  t h e  o r d e r  o f  200" t o  300°C. Vo ids  and vo i d - i nduced  s w e l l i n g  a r e  n o t  e x ~ e c t e d  t o  be 

a s e r i o u s  p rob lem f o r  i r r a d i a t i o n  t empe ra tu re  above 200°C. D imens iona l  changes wou ld  

p r o b a b l y  a r i s e  from t h e  accumu la t i on  o f  t r a n s m u t a t i o n  p roduc t s .  

TRANSMUTATIONS 

A t he rma l  n e u t r o n  r e a c t i o n  

gene ra tes  a s i  1  i c o n  i m p u r i  t y  wh i ch  can a f f e c t  t h e  mechan ica l  p r o p e r t i e s  o f  aluminum. 19  
2 A f l uence o f  9 x  1 022 n/cm ( t he rma l  ) ~ r o d u c e d  1 .5  wt% S i  i n  a 6063 A l  

a l l o y . 2 0  I n  expe r imen t s  u s i n g  a d i f f e r e n t  n e u t r o n  spectrum, 1.6 w t %  S i  was f ound  i n  
2 1100 A1 a f t e r  6.5 x  n/cm ( t he rma l  ) .  2 1 

F a s t  n e u t r o n  r e a c t i o n s  gene ra te  hydrogen and h e l i u m  by  t h e  r e a c t i o n s  

Ana lyzed  samples o f  i r r a d i a t e d  A1 c o n s i s t e n t l y  show a g r e a t e r  hydrogen c o n t e n t  t h a n  can  be 

accounted  f o r  by  t r a n s m u t a t i o n . 2 0  The a d d i t i o n a l  hydrogen i s  p r o b a b l y  i n j e c t e d  by  p r o t o n  

r e c o i l s  i n  t h e  c o o l i n g  wa te r .  

S i n c e  s i l i c o n  has a d i f f e r e n t  d e n s i t y  t h a n  aluminum, t h e  d e n s i t y  o f  t h e  i r r a d i a t e d  A1 

changes w i t h  S i  c o n t e n t .  He1 ium and hydrogen may i n f l u e n c e  v o i d  n ~ c l e a t i o n , ~ ~  o r  a t  a  

c r i t i c a l  t empe ra tu re ,  (>30O0C) form gas - f  il l e d  bubb les .22  Some s w e l l i n g  mus t  t h e r e f o r e  

be expec ted  even i f  v o i d  f o r m a t i o n  can be suppressed.  



These t ransmuta t i on  products  a l s o  have an e f f e c t  on the mechanical p r o p e r t i e s .  The suggest ion 

has been made t h a t  a  s o l i d  s o l u t i o n  o f  Mg i n  A1 may p r e c i p i t a t e  the  S i  as Mg2 S i  on a  f i n e  

sca le ,  thus p reven t ing  d e l e t e r i o u s  e f f e c t s . 2 3  Since the  6000 a l l o y  s e r i e s  i s  hardened by  

d ispersed Mg2 S i  p r e c i p i t a t e s ,  t h e  sugqest ion appears f e a s i b l e .  

SURFACE DAMAGE 

Surface damage e f fec ts  on meta ls  i s  be ing  exp lored r a t h e r  c a r e f u l l y  a t  t h e  p resen t  t ime. 
Un fo r tuna te l y ,  t he  emphasis has been almost e n t i r e l y  on r e f r a c t o r y  meta ls .  Some of the  

general conc lus ions,  however, may be ex t rapo la ted  t o  A1 . 

A general  equat ion f o r  w a l l  e ros ion  has been given: 2  4 

Where A9 i s  w a l l  th ickness removed, S i s  t h e  number o f  atoms removed by a s i n g l e  bombard- 
lJ 

i n g  p a r t i c l e ;  U, + p  i s  the f l u x  o f  p a r t i c l e s ;  l ~ ,  No i s  Avoqadro's number and Aw and p 

are  r e s p e c t i v e l y  atomic weight  and d e n s i t y  o f  t he  w a l l  m a t e r i a l .  A l l  o t h e r  f a c t o r s  be ing  

equal ,  the  r a t e  depends upon the  r a t i o  Aw/ p .  For  aluminum t h i s  r a t i o  i s  approx imate ly  

the  same as f o r  t h e  r e f r a c t o r y  meta ls .  The y i e l d s  S a r e  unknown f o r  A1 b u t  a r e  o f  t h e  
lJ 

order  of a t o m l i n c i d e n t  p a r t i c l e  (neut ron and deuteron)  f o r  most meta ls  s tud ied  t o  

date.  Alpha p a r t i c l e  bombardment n o t  o n l y  generates a  s p u t t e r i n g  y i e l d  b u t  can produce 

" b l i s t e r s "  o f  hel ium gas j u s t  beneath the  sur face.  A "chemical"  o r  " r e a c t i v e "  s p u t t e r i n g  

process a l s o  may occur,  where an imping ing mo lecu la r  species may r e a c t  w i t h  the  bombarded 

sur face t o  produce a  v o l a t i l e  compound. The r o l e  o f  t he  A1 ox ide  l a y e r  on these processes 

i s  n o t  known, a l though i t  should tend t o  i n h i b i t  t he  s p u t t e r i n g .  A d e t a i l e d  rev iew o f  

these phenomena can be found i n  Reference 25. 

I n  A l ,  200°C i s  approx imate ly  0.5 o f  t he  abso lu te  m e l t i n g  p o i n t .  The corresponding tempera- 

t u r e  f o r  n iobium i s  1100°C. One rev iew presents  a  number o f  es t imates  o f  n iobium w a l l  

e ros ion,  as much as 1-2 mm per  year .  An aluminum w a l l  may reasonably  be expected t o  erode 

a t  an equ iva l 'en t  r a t e .  

MECHANICAL PROPERTIES 

+ E a r l y  r e a c t o r  des igners  assumed t h a t  r a d i a t i o n  damage t o  a1 umi num would be negl i g i  b l  e  o r  

non-ex is tent .  Aluminum components i n  research r e a c t o r s  prov ided s a t i s f a c t o r y  s e r v i c e  f o r  

many years ,  apparen t l y  j u s t i f y i n g  t h e  d e s i g n e r ' s  assumptions. I n  t h e  l a t e  19601s, however, 

e two f a i l u r e s  o f  aluminum assemblies were repo r ted .  An a l l o y  tube f a i l e d  i n  HFIR because of 



embri t t l  ement26 and an ORR sample t ray  became unserviceable because of dimensional i nstabi 1 - 
i ty. 27  Subsequent1 y components of M T R ~ '  and other reac tors  20 '23  were examined t o  e mpi r i  - 
cal l y  evaluate the serviceabi 1 i t y  of aluminum and aluminum a1 loy reac tor  subassemblies. 

Basic s tudies  have been performed a t  Oak ~ i d ~ e ~ *  and Saclay. 16  

The mechanical propert ies  of 1100 Al, which i s  nearly pure aluminum with small addi t ions 
2 of copper and zinc, have been invest igated.21 Exposure t o  4.5 x loz2 n/cm (E.1 MeV) in- 

creased the y ie ld  s trength approximately 4-fold, from 5.0 ksi t o  18.7 ksi when measured 

a t  20°C. Measurements a t  300°C showed comparable r e s u l t s .  A l o s s  of d u c t i l i t y  was ob- 

served tha t  became disproport ionately severe during t e s t s  a t  200°C and above. Electron 

microscopy showed no s ign i f i can t  changes in microstructure, so the decreased ducti 1 i ty  

was ascribed to  a red is t r ibu t ion  of transmutation products, probably s i l  icon. He1 ium and 
hydrogen were a l so  present in quanti ty (5 ppm He, 26 ppm H )  and may have had an e f f e c t .  

h 

Examination was made of a 6063 A1 a l loy  which had been i r rad ia ted  t o  5.8 x lo2'  nlcm 

f a s t  fluence in Savannah River reactors." An increase in y ie ld  strength and a decrease 

in  d u c t i l i t y  was observed. Tests were performed to 300°C where the a l loy  e s sen t i a l l y  

recovered i t s  pre- irradiat ion propert ies .  Scanning electron microscopy showed the  f a i l u r e  

mechanism was intergranular  f r ac tu re  in low ducti 1 i ty  samples. These invest igat ions a l so  

indicated t h a t  migration of transmuted s i l i con  t o  grain boundaries was responsible f o r  the 

reduced d u c t i l i t y .  According to  one study, the helium e f f ec t s  should be most severe a t  

elevated temperature.29 A s e r i e s  of elevated-temperature creep t e s t s  on a1 loys i rradiated 

in  HFIR f a i l ed  t o  reveal any e f f e c t  which could be unequivocally associated with helium. 23 

The extent  of helium embrittlement in  A1 and A1 a l loys  remains undetermined. 

In few of the experiments described was the d u c t i l i t y  loss  severe enouah to  render the 
a l loy  unserviceable where i r r ad i a t i on  temperatures were in the general range of 50" t o  

150°C. Higher-temperature e f f ec t s  mentioned r e f e r  t o  post- i rradiat ion anneals.  Evalu- 

at ion of aluminum f o r  fusion applicat ion requires  higher temperature i r r ad i a t i ons  t o  

higher fluences. The observation tha t  damage appears t o  recover a t  300°C suggests t ha t  

i r r ad i a t i on  near t h i s  temperature would not generate damage b u t  t h i s  needs experimental 

ver i f ica t ion  s ince the mechanical propert ies  of aluminum al loys de ter iora te  rapidly as the 
temperature increases.  

CONCLUSIONS 

Aluminum has a low displacement energy and a low vacancy formation energy. These f ac to r s  

combined with low atomic weight yield a high damage r a t e  approximately three times t h a t  f o r  a 

copper. Voids and void-induced swelling a r e  not expected t o  be a ser ious problem f o r  

i r r ad i a t i on  temperature much above 200°C. Dimensional changes, should they occur, would 



probably a r i s e  from the accumulation of transmutation products. Neutron reactions generate 

s i l i con ,  hydrogen, and helium in the aluminum. These impurities are expected to  cause 

swelling even i f  void formation can be suppressed. None of the experiments reviewed 

succeeded in relat ing the presence of voids to  any change in mechanical propert ies .  He1 ium, 

however, has long been recognized as a source of embrittlement so a s imilar  e f f ec t  could 

be expected.in aluminum. Surface damage must be extrapolated from data for  refractory 

metals since adequate data does not ex i s t  for  aluminum. Evaluation of aluminum for  fusion 

design applications requires higher temperature and fluence i r rad ia t ions  than have been 

conducted so f a r .  



Helium Compat ibi l i ty  w i th  Fusion Reactor Materia7,s 

DG A t t e r i d g e ,  AB Johnson, J r .  and RE Westerman 

Pressur ized he l i um has severa l  advantages f o r  f u s i o n  r e a c t o r  coo lan t  a p p l i c a t i o n s :  i t  

i s  n o t  a c t i v a t e d  by t h e  neu t ron  f l u x ;  i t  does no t  i n t e r a c t  w i t h  magnetic f i e l d s ;  i t  

does n o t  t r a n s p o r t  l a r g e  volumes o f  r a d i o a c t i v e  c o r r o s i o n  products through s o l u b i l i t y  

e f f e c t s ;  and i t  i s  chemica l l y  i n e r t .  However, t h e  bes t  a t t a i n a b l e  he l ium p u r i t y  i s  n o t  

good enough t o  e n t i  r e l y  p reven t  c o r r o s i o n  r e a c t i o n s  w i t h  r e a c t i v e  meta ls  a t  e leva ted  

temperatures. I n  hel ium-cooled f u s i o n  systems t h e r e  a re  t h r e e  p o t e n t i a l  sources o f  

irnpuri t i e s :  

1 )  I m p u r i t i e s  indigenous t o  t h e  hel ium. E x i s t i n g  he l ium p u r i f i c a t i o n  technology 

leaves t races  o f  02, N2, H2, COX,  and hydrocarbons i n  t h e  p u r i f i e d  gas. 

2 )  T r i t i u m  and assoc ia ted i m p u r i t i e s .  T r i t i u m  w i l l  a lmost c e r t a i n l y  be found i n  

t h e  he l ium used t o  coo l  t h e  breeding b lanke t .  Some conceptual  designs pro-  

pose purposefu l  O2 a d d i t i o n s  t o  t h e  he l i um t o  conve r t  t h e  T2 t o  T20, pe rm i t -  

t i n g  t h e  removal o f  t h e  t r i t i u m  by molecu lar  s ieves.  The range o f  t o l e r a b l e  

concen t ra t i ons  f o r  t h e  T2/02/T20 system needs t o  be de f i ned .  

3)  In- leakage. I n  a  he l ium system which i n t e r f a c e s  w i t h  steam, c o r r o s i o n  pro-  

duc t  hydrogen w i l l  d i f f u s e  through t h e  heat  exchanger. A lso ,  un less  major  

advances i n  heat exchanger technology occur,  some leaks  can be expected,  

a l l o w i n g  i ng ress  o f  H20 t o  t h e  he l i um coo lan t .  Other sources o f  in - leakage 

t o  t h e  p r imary  he1 ium w i l l  undoubtedly occur,  b u t  a r e  d e f i n a b l e  o n l y  by 

d e t a i l e d  a n a l y s i s  o f  s p e c i f i c  designs.  

Candidate m a t e r i a l s  f o r  f u s i o n  r e a c t o r  f i r s t  w a l l  and b lanke t  s t r u c t u r e s  i n c l u d e  

aluminum-base, i ron-base,  and n i cke l -base  a l l o y s ,  and r e f r a c t o r y  meta ls .  The FY 1975 

program w i l l  concen t ra te  on i ron-base and n i cke l -base  m a t e r i a l s ,  which a r e  supported 

by an e x i s t i n g  f a b r i c a t i o n  technology and t h e r e f o r e  a r e  prime candidates f o r  f i r s t  

genera t i on  CTRs. A1 uminum a1 l o y s  a1 so rep resen t  e x i s t i n g  technology,  b u t  wi 11 n o t  

t o l e r a t e  t h e  temperature regime (600-700°C) planned f o r  t e s t i n g  t h e  i ron-base and 

n i cke l -base  m a t e r i a l s .  The r e f r a c t o r y  meta ls  o f f e r  t h e  most severe cha l lenge t o  

he l ium c o o l a n t  a p p l i c a t i o n s ,  r e q u i r i n g  t h a t  they be phased i n t o  t h e  program. 

Helium t e s t  equipment a v a i l a b l e  f o r  t h e  s t u d i e s  i nc ludes :  

A l a r g e  gas loop,  which r e c i r c u l a t e s  up t o  500 1  b /h r  o f  hel ium a t  300 p s i  

and operates up t o  2100°F. 

A  small gas l o o p  capable o f  ope ra t i on  up t o  350 p s i  and 2700°F a t  he1 ium 

f l o w  r a t e s  up t o  600 f t l s e c .  



Two gas autoc laves designed f o r  ope ra t i on  up t o  350 p s i  a t  2500°F. 

A vacuum f a c i l i t y  used f o r  s t u d i e s  o f  metal r e a c t i o n s  i n  contaminated helium. 

Th is  system i n c l u d e s  a  semi-micro automat ic  reco rd ing  balance t o  con t i nuous ly  

mon i to r  specimen we igh t  changes. 

The l i t e r a t u r e  on he l i um coo lan t  c o m p a t i b i l i t y  r e l e v a n t  t o  f u s i o n  r e a c t o r s  was reviewed. 
3  0  

Fu r the r  i n s i g h t  t o  he l ium c o o l a n t  c o m p a t i b i l i t y  i n  s t a i n l e s s  s t e e l  CTRs was i n e d  when %? 
as p a r t  o f  t h i s  rev iew  by assessing he l ium c o o l a n t  c o m p a t i b i l i t y  i n  UWMAK-I1 ( a  

he1 ium-cooled Tokamak be ing designed a t  t h e  U n i v e r s i t y  of  isc cons on). 

Based on these s tud ies  t h e  exper imental  program was designed. The program inc ludes  f i v e  

m a t e r i a l s :  316, 321 and 347 aus ten i  t i c  s t a i n l e s s  s t e e l s ,  Inca loy-800 (h igh-Ni  ) , and 

2  114 C r  - 1  Mo (Fe-base), rep resen t ing  cand idate  f i r s t  w a l l  and heat  exchanger m a t e r i a l s .  

The t e s t  specimens i n c l u d e  bo th  smooth and notched t e n s i l e  specimens. The specimens w i l l  

be exposed i n  two autoc laves t o  he l i um a t  300 p s i  and 650°C. One system w i l l  be contami- 

4 nated w i t h  ~ 5 0  ppm H20, t h e  o t h e r  w i t h  ~ 5 0  ppm 02. 

The t e s t s  w i l l  p rov ide  i n f o r m a t i o n  on t h e  c o r r o s i o n  i n t e r a c t i o n s  and changes i n  mechani- 

c a l  p r o p e r t i e s  o f  t h e  specimens. 

The major a c t i v i t i e s  i n  t h e  program have been procurement o f  specimen m a t e r i a l s ,  spec i -  

men f a b r i c a t i o n  and recommissioning o f  he l ium t e s t  equipment and a n a l y t i c a l  ins t ruments  

used on prev ious PNL he l ium technology programs. 



Helfwn mbri t tzernent  i n  CTR Material m p l o y i n ~  t h e  T~ i t i zon  Trick /Method 

AB Johnson, J r . ,  JF Remark, RE Westerman 

Helium embri t t l e m e n t  i s  one o f  t h e  rad ia t i on - induced  damage mechanisms which may 1  i m i t  t h e  

l i f e  o f  CTR f i r s t  w a l l  m a t e r i a l s .  Helium genera t i on  r a t e s  w i l l  be h ighe r  i n  f u s i o n  r e a c t o r  

f i r s t  w a l l  m a t e r i a l s  than i n  f i s s i o n  r e a c t o r  f u e l  c ladd ing  due t o  the  h igher  n,n c ross  

s e c t i o n  o f  m a t e r i a l s  exposed t o  the 14 Mev f u s i o n  neutrons.  Because he l ium accumulates 

s l o w l y  i n  most m a t e r i a l s  exposed t o  f i s s i o n  f l u x e s ,  o the r  methods o f  he l ium i n j e c t i o n  need 

t o  be i n v e s t i g a t e d .  Helium i n j e c t e d  by a c c e l e r a t o r s  has a  l i m i t e d  range i n  m a t e r i a l s ,  

p l a c i n g  1  i m i t a t i o n s  on mechanical p r o p e r t y  specimen des ign.  The so -ca l l ed  t r i t i u m  t r i c k  

can be employed t o  i n j e c t  3 ~ e ,  generated f rom the  t r i t i u m  decay, i n t o  a l l o y s  hav ing sub- 

s t a n t i a l  hydrogen s ~ l u b i l i t i e s . ~ ~  The advantage o f  t h i s  method i s  t h a t  i t  can be used t o  

prepare mechanical p r o p e r t y  specimens o f  standard s i z e  t o  assess he l ium damage e f f e c t s  i n  

meta ls ,  a p a r t  f rom o t h e r  r a d i a t i o n  damage e f f e c t s .  The pr imary  o b j e c t i v e  o f  t he  present  

s tudy i s  t o  determine the  a p p l i c a b i l i t y  o f  t he  t r i t i u m  t r i c k  method t o  the  s tudy o f  he l ium 

e f f e c t s  on the  mechanical p r o p e r t i e s  o f  n iobium and vanadium a l l o y s .  

Commercial p u r i t y  n iobium and vanadium rod  s tock  was obta ined f o r  t h i s  study.  The i n i t i a l  

program emphasis was placed on niobium. Twenty-f ive m i n i a t u r e  buttonhead t e n s i l e  specimens 

were machined from the  niobium r o d  s tock .  F i f t e e n  t e n s i l e  specimens were prepared f rom the  

annealed m a t e r i a l  and t e n  prepared f rom m a t e r i a l  c o l d  worked 25-35%. S ix  annealed specimens 

and four  c o l d  worked specimens were charqed w i t h  t r i t i u m .  Cont ro l  specimens were o f  two 

types:  as- rece ived and deuterium-charged. Se lec ted specimens were charged w i t h  deuter ium 

t o  determine what e f f e c t ,  if any, the charg ing and d i scha rg inq  c y c l e s  had on the mechanical 

p r o p e r t i e s .  The niobium specimens were charged i n  the  f o l  l o w i  nq manner: t he  annealed ten-  

s i l e  specimens were pre-annealed a t  1050°C f o r  30-min a t  t o r r ;  t h e  t r i t i u m  (4000-12,000 

appm d i s s o l v e d  i n  t h e  me ta l )  was charqed i n t o  the  t e n s i l e  specimen f o r  90-180-min a t  500°C; 

the  t r i t i u m  was a l lowed t o  decay t o  3 ~ e ;  and i n  the  f i n a l  ope ra t i on  t r i t i u m  was outgassed 

a t  800°C. The specimens were g i ven  a  p r e t e s t  anneal a t  1020°C f o r  30 min  a t  t o r r  

be fo re  be ing t e n s i l e - t e s t e d  a t  1020°C i n  a  vacuum o f  t o r r  a t  a  s t r a i n  r a t e  o f  0.016-min-~ 

The procedure f o r  c o l d  worked specimens was s i m i l a r ,  except  they were n o t  sub jec ted t o  t h e  

1050°C preanneal .  

Table 21 i s  a  summary o f  the  h i g h  temperature mechanical p r o p e r t i e s  o f  the  niobium and 

vanadium t e n s i l e  specimens. Column 3 denotes the  c a l c u l a t e d  he l ium con ten t  o f  t he  t e n s i l e  

specimens, w h i l e  the  exper imen ta l l y  determined va lues a r e  l i s t e d  i n  column 4. The h i g h  

temperature mechanical p r o p e r t i e s  l i s t e d  show no s i g n i f i c a n t  change i n  the  t o t a l  e l o n g a t i o n  

between t h e  c o n t r o l s  and t h e  helium-charged specimens. Helium embr i t t l emen t  d i d  n o t  occur  

f o r  t he  t h r e e  types o f  specimens examined. The y i e l d  s t r e n g t h  and t h e  u l t i m a t e  t e n s i l e  



s t r e n g t h  data  suggest poss ib le  s l i g h t  increases w i t h  i nc reas ing  hel ium concent ra t ion.  

In fo rmat ion  regard ing he1 ium and deu t r i u m  charg ing o f  vanadium was p r e v i o u s l y  repor ted.  3 3 

TABLE 21. Summary of He-Charged Niobium (Nb) and Vanadium (V) Tens i l e  Specimens 

High Temperature ~ e c h a n i c a l  Proper t ies  
Mater ia l  and Ul t imate  Total  
Specimen Me ta l l u rg i ca l  He1 i um ~ e l i c r n ( ~ )  Y ie ld  Strength, Tens i le  Elongation, 

Number Condit ion Content, appm(a) Analyses p s i  (0.2% o f f s e t )  Strength, p s i  % 

v-v 1 
v -v  3 

0 
v-v 4 

v-v 3 (d )  

Annea 1 ed 
Annealed 
Annealed 

Cold worked 
Cold worked 
Cold worked 

Annealed 
Annealed 

Annealed 

Annealed 

30 
65 

As-Received 
Control  - o ( ~ )  

6 2 
3 0 

Control  - 0 

Control - 0 
166 

As-Received 
Control  - 0 

335 

(a) Calculated he l i u~n  content based on the amount o f  t r i t i u m  charged i n t o  the specimen and the ho ld ing  
(decay) ti111e before outgassing the t r i t i u l l ~  f ro~n a g iven specimen. 

(b) Two kinds of con t ro l  specimens are  tested I n  a d d i t i o n  t o  those charged w i t h  helium. The f i r s t  i s  
as-received mater ia l ,  as-machined specimen w i t h  no t e s t  h i s t o r y  p r i o r  t o  t e n s i l e  tes t ing.  The 
second i s  a specimen having the same thermal and hqdrogen isotope charging h i s t o r y  as the hel ium 
charged specimens. The on ly  except ion i s  t ha t  there con t ro l s  were deuterium-charged r a t h e r  than 
tri tium-charged. 

( c )  He analyses performed by Harry Far rar ,  Atomics I n t r r n a t i o n a l .  

(d) Specimen c u t  from the buttonhead o f  V-V3 and a l l o r e d  t o  cont inue t o  accumulate 

helium u n t i l  helium ana lys is  was performed. 

Transmission E lec t ron  Microscopy (TEM) was used t o  determine the  l o c a t i o n  o f  t h e  hel ium 

bubbles i n  the metal  l a t t i c e .  Other i n v e s t i g a t o r s  have i n d i c a t e d  t h a t  hel ium bubbles 

loca ted  a t  g r a i n  boundaries a r e  the pr imary  cause o f  h i g h  temperature embr i t t lement .  
3 4 

TEM was performed on vanadium and niobium samples annealed a t  900, 1200, and 1600°C. 

These samples contained he l ium concent ra t ions o f  110 and 60 appm r e s p e c t i v e l y .  No bubbles 
f were observed i n  e i t h e r  specimen a f t e r  a 900°C anneal. A f t e r  the 1200°C ( 2  hours) anneal 

bubbles were observed i n  bo th  specimens; however, o n l y  vanadium had bubbles a t  the  g r a i n  

boundaries. He1 ium bubbles were observed i n  t h e  niobium g ra ins  a t  both  1200 and 1600°C 
4 

b u t  no concen t ra t i on  of bubbles was observed a t  t h e  g r a i n  boundaries. 



He 1 

t r a  

ium apparen t l y  c o n t r i b u t e s  most t o  high-temperature embr i t t l emen t  when i t  i s  concen- 

t e d  a t  t he  g r a i n  b ~ u n d a r i e s . ~ ~  Resu l ts  o f  t he  T E M  s t u d i e s  i n d i c a t e  t h a t  hel ium m ig ra tes  

t o  the g r a i n  boundar ies i n  vanadium much more r e a d i l y  than i n  niobium. Th is  f i n d i n g  has 

encouraged increased emphasis on vanadium s tud ies .  Ten vanadium t e n s i l e  specimens, bo th  

annealed and c o l d  worked, have been machined f rom a p o r t i o n  o f  t he  vanadium r o d  s tock .  

These vanadium samples a re  be ing  charged w i t h  t r i t i u m .  A f t e r  t h e  des i red  he l ium concen- 

t r a t i o n  has been a t t a i n e d ,  t he  vanadium specimens w i l l  be annealed a t  1200°C f o r  one hour 

p r i o r  t o  the mechanical p r o p e r t i e s  eva lua t i on .  TEM w i l l  a l s o  be used t o  determine t h e  

s i ze ,  concen t ra t i on ,  and l o c a t i o n  o f  he l ium bubbles i n  t h e  specimens. Sampling o f  t he  

he l ium c o n c e n t r a t i o n  w i l l  be performed by mass spect romet ry  t o  con f i rm  the  c a l c u l a t e d  

concen t ra t i on  o f  he l ium t h a t  i s  born w i t h i n  t h e  t r i t i u m  charged t e n s i l e  specimens. The 

helium-charged vanadium t e n s i l e  specimens may be t e s t e d  a t  var ious s t r a i n  r a t e s  t o  d e t e r -  

mine the s t r a i n  r a t e  e f f e c t  on t h e  mechanical p r o p e r t i e s .  

I n v e s t i g a t i o n s  a l s o  a r e  c o n t i n u i n g  on niobium. A niobium t e n s i l e  specimen hav ing a  he l ium 

concen t ra t i on  o f  2. 200 appm w i l l  be annealed a t  1800°C f o r  one hour t o  determine i f  t h e  

he l ium m ig ra tes  t o  the  g r a i n  boundar ies a t  t h i s  temperature.  The mechanical p r o p e r t i e s  o f  

t he  specimen w i l l  then be determined. 

One annealed and one c o l d  worked specimen now have a  concen t ra t i on  o f  2. 400 appm hel ium. 

They w i l l  be committed t o  mechanical p r o p e r t y  t e s t i n g  when the  1800°C anneal ing  s tudy  has 

been eva luated . 

A s tudy repo r ted  a  cons iderab le  l o s s  o f  d u c t i l i t y  f o r  t h i n  specimens o f  t he  a l l o y  V-15 

w t %  Cr5 w t %  T i  a f t e r  be ing charged w i t h  He by a - p a r t i c l e  bombardment t o  a  l e v e l  o f  

25 a ~ p m . ~ ~  Th is  d u c t i l i t y  l o s s  was observed a t  temperatures above 700°C. PNL i s  

a t tempt ing  t o  o b t a i n  a  q u a n t i t y  o f  t h i s  a l l o y  f o r  charg ing w i t h  he l ium by the  t r i t i u m  

t r i c k  method. A comparison can then be made between t h e  e f f e c t s  o f :  1 )  t he  he:ium charged 

by the  t r i t i u m  t r i c k  and t h e  he l ium charged by a lpna bombardment; 2 )  specimen s i z e  and 

c o n f i g u r a t i o n ;  3 )  m a t r i x  composi t ion.  

Since the  c o n s t r u c t i o n  o f  Table 21, an annealed niobium specimen c o n t a i n i n g  518 appm 

(es t ima ted )  o f  he l ium was t e s t e d  a t  1020°C. It was g i ven  a  p r e t e s t  anneal a t  1020°C f o r  

1 /2  hour. The sample e x h i b i t e d  an i nc rease  i n  s t r e n g t h  and a  decrease i n  d u c t i l i t y .  

Annealed niobium specimens c o n t a i n i n g  approx imate ly  250 and 350 appm a r e  i n  the  process 

o f  be ing examined under the  same t e s t  c o n d i t i o n s .  



EZectricaZ Insulators for ControZZed The-mnonucZc.a~ Reaction Application 

JE Bates, JE Garn ier  

Cur rent  thermonuclear r e a c t o r  technology r e q u i r e s  the use o f  e l e c t r i c a l  i n s u l a t o r s  i n  

var ious l o c a t i o n s  o f  t h e  Theta-Pinch, M i r r o r ,  and Tokamak r e a c t o r s .  These i n s u l a t o r s  w i l l  

be sub jec ted t o  severe i r r a d i a t i o n  and thermal condi tons,  i . e ,  800 t o  1300°C and t o  1016 nv. 

These i n s u l a t o r s  must r e t a i n  t h e i r  e l e c t r i c a l ,  thermal,  and mechanical p r o p e r t i e s  i n  i n tense  
2 2 

r a d i a t i o n ,  e l e c t r o n  and p a r t i c l e  f i e l d s  and f o r  l ong  neut ron exposures, % 10 n v t .  The 

o b j e c t i v e  o f  t h i s  program i s  t o  s tudy and eva lua te  the e l e c t r i c a l  and r e l a t e d  p r o p e r t i e s  o f  

p o t e n t i a l  e l e c t r i c a l  i n s u l a t o r s  f o r  CTR a p p l i c a t i o n .  The u l t i m a t e  goal  i s  t o  f i n d  o r  

develop s u i t a b l e  e l e c t r i c a l  i n s u l a t o r s  which meet the  v a r i e d  requirements f o r  CTR designs.  

A j o i n t  Batte l le-Columbus and B a t t e l l e  Northwest rev iew and e v a l u a t i o n  o f  e l e c t r i c a l  

i n s u l a t o r s  f o r  f us ion  reac to rs  was completed and oubl  i ~ h e d . ~ ~  Th is  rev iew i d e n t i f i e d  
the p o t e n t i a l  e l e c t r i c a l  i n s u l a t o r  needs o f  the  Tokamak, M i r r o r ,  and Theta-Pinch reac to rs .  

A1 though the  e l e c t r i c a l  p r o p e r t i e s  o f  p o t e n t i a l  i n s u l a t o r s  a r e  emphasized, i r r a d i a t i o n  

behavior ,  thermal p r o p e r t i e s ,  c o m p a t i b i l i t y ,  and f a b r i c a t i o n  were a l s o  considered. The 

r e p o r t  concludes t h a t :  

The e l e c t r i c a l  p r o p e r t i e s  o f  e l e c t r i c a l  i n s u l a t o r s  a re  dependent upon s t r u c t u r e ,  

i m p u r i t i e s ,  atmosphere, measurement techniques,  and f a b r i c a t i o n  methods. 

Wide v a r i a t i o n s  i n  the e l e c t r i c a l  p r o p e r t i e s  a r e  repo r ted  f o r  a l l  i n s u l a t o r s .  

The data d e s c r i b i n g  the e f f e c t s  o f  i r r a d i a t i o n  on the  e l e c t r i c a l  p r o p e r t i e s  a r e  ve ry  

l i m i t e d .  Neutron damage e f f e c t s  and induced e l e c t r i c a l  e f f e c t s  f rom i o n i z i n g  r a d i a t i o n  

have rece ived  l i t t l e  a t t e n t i o n .  

E l e c t r i c a l  p r o p e r t y  data measured d u r i n g  i r r a d i a t i o n  may be suspect due t o  exper i -  

mental e r r o r .  

I n s u l a t o r s  w i t h  i s o t r o p i c  c y r s t a l  s t r u c t u r e s  which a l s o  have an open c r y s t a l  l a t t i c e  

appear t o  have the  b e s t  r e s i s t a n c e  t o  i r r a d i a t i o n  damage. 

Th is  rev iew i s  the bas i s  f o r  e x p e r i m e n t a l l y  measuring the  e l e c t r i c a l  and i r r a d i a t i o n  prop- 

e r t i e s  o f  i n s u l a t o r s .  The s tudy wi 11 be d i r e c t e d  toward the:  

Absolute measurements o f  the  e l e c t r i c a l  r e s i s t i v i t y  o f  some se lec ted  e l e c t r i c a l  

i n s u l a t o r s .  

D i e l e c t r i c  breakdown measurements beg inn ing w i t h  an i n t e n s i v e  rev iew and e v a l u a t i o n  

o f  breakdown measurement methods. 

The e l e c t r i c a l  r e s i s t i v i t y  apparatus has been redesigned and assembled. The new t h r e e  

contact-guarded system inco rpo ra tes  methods t o  e l i m i n a t e  e r r o r s  p r e v i o u s l y  encountered i n  



measuring i nsu la to r s  w i t h  very high r e s i s t i v i t y  values, such as surface and gas phase 

conduction. 

Measurements have begun on a reference Be0 sample and w i l l  be extended t o  inc lude y t t r i u m  

oxide, alumina-magnesia sp ine l ,  aluminum n i t r i d e ,  s i l i c o n  n i t r i d e ,  and y t t r i u m  aluminate. 

An evaluat ion of the poss ib le  methods f o r  measurinq d i e l e c t r i c  breakdown re l a ted  t o  C'TR 

i n su la to r  app l i ca t ions  has been i n i t i a t e d .  Breakdown e f f e c t s  are o f t en  no t  i n t r i n s i c  

p roper t ies  and, therefore,  become very dependent on external  fac to rs ,  such a  e lect rode 

shape and sample thickness. A su i tab le  d i e l e c t r i c  breakdown technique w i l l  be chosen and 

developed t o  provide meaningful data, usefu l  t o  compare d i e l e c t r i c  p roper t ies  o f  var ious 

i nsu la to r s  which are r e l a ted  t o  CTR usesL The present work i s  d i rec ted  toward an evaluat ion 

o f  the breakdown techniques. 



Fabricut ion Tech~zoZogy 

RS Kemeer, GS A1 1  i s o n  

T h i s  s t u d y  was i n i t i a t e d  i n  J u l y ,  1974 w i t h  t h e  b road  o b j e c t i v e  o f  assess i ng  t h e  c u r r e n t  and 

p r o j e c t e d  a v a i l a b i l i t y ,  p r o d u c i b i l i  ty, and f a b r i c a b i l i t y  o f  c a n d i d a t e  CTR f i r s t  w a l l  s t r u c -  
r 

t u r a l  m a t e r i a l s  f o r  i d e n t i f i c a t i o n  o f  m a j o r  r e s o u r c e  o r  f a b r i c a t i o n  p rob lems.  The e a r l y  

i d e n t i f i c a t i o n  o f  t hese  problems i s  necessary  f o r  t h e  t i m e l y  development  o f  t h e  s u p p l y  and/ 

o r  component f a b r i c a t i o n  t e c h n o l o g i e s  where needed, o r  r e d i r e c t i o n  o f  t h e  d e s i g n  e f f o r t  t o  

c i r c u m v e n t  t h e  problems.  

~ Ma j o r  c a n d i d a t e  f i r s t  w a l l  m a t e r i a l s  f o r  c u r r e n t  CTR concep tua l  des i gns  compr ise  18-8 

s t a i n l e s s  s t e e l ,  n i c k e l - b a s e  a l l o y s ,  and a l l o y s  o f  t h e  r e f r a c t o r y  m e t a l s  - n iob ium,  mo l y -  
a dbenium, vanadium, and p o s s i b l y  t an ta l um .  M a t e r i a l  s p e c i f i c a t i o n ,  commercia l  a v a i l  a b i  1  i ty 

and p r o d u c i  b i l  i t y ,  and f a b r i c a t i o n  t echno logy  have been h i g h l y  deve loped f o r  s t a i n l e s s  s t e e l  

and t h e  n i c k e l - b a s e  a l l o y s  f o r  b o t h  i n d u s t r i a l  and n u c l e a r  r e a c t o r  a p p l i c a t i o n s .  T h i s  i s  
8 n o t  t h e  case  f o r  t h e  r e f r a c t o r y  m e t a l s  whose t echno logy  was advanced p r i m a r i l y  f o r  aero -  

space app l  i c a t i o n s .  Reduc t i on  i n  demand f o r  t h e s e  r e f r a c t o r y  me ta l  a p p l i c a t i o n s  has s lowed 

t h e  g row th  o f  t h e i r  t echno logy  i n  r e c e n t  y e a r s .  The c u r r e n t  s t a t u s  o f  development  needs 

t o  be e v a l u a t e d  i n  terms o f  s u p p l y  and p r o d u c t i o n  p o t e n t i a l ,  s i z e  l i m i t a t i o n s ,  q u a l i t y ,  

p r o p e r t i e s ,  c o s t  and p o t e n t i a l  f a b r i c a t i o n  problems.  One concep tua l  d e s i g n  (minimum 

a c t i v a t i o n )  p o t e n t i a l l y  employs S i n t e r e d  Aluminum P roduc t  (SAP) a s  a  s t r u c t u r a l  m a t e r i a l .  

T h i s  m a t e r i a l ,  l i k e  t h e  r e f r a c t o r y  m e t a l s ,  has n o t  been used i n  r e c e n t  y e a r s  and t h e  supp l y ,  

p r o d u c t i o n ,  and f a b r i c a t i o n  need t o  be e v a l u a t e d  w i t h  r e s p e c t  t o  p o t e n t i a l  CTR requ i r emen ts .  

The c u r r e n t  CTR concep tua l  d e s i g n s  a r e  be i ng  r ev i ewed  f o r  p o t e n t i a l  problems i n  m a t e r i a l  

supp l y ,  component f a b r i c a t i o n ,  component assembly, and component maintenance f o r  t h e  f i r s t  

w a l l  and b l a n k e t .  The m a t e r i a l  q u a n t i t i e s  p r o j e c t e d  t o  t h e  y e a r  2020 a r e  b e i n g  based on  
6 a  t o t a l  CTR e l e c t r i c a l  power g e n e r a t i o n  o f  1 0  MWe. This  i n f o r m a t i o n  w i l l  be reduced t o  

a  summary p r e s e n t a t i o n  wh i ch  w i l l  be updated  p e r i o d i c a l l y  a s  r e q u i r e d .  T h i s  summary w i l l  

show f o r  each CTR m a t e r i a l  cons i de red :  

C u r r e n t  and p r o j e c t e d  q u a n t i  t y  r e q u i r e d .  

C u r r e n t  and p r o j e c t e d  supp l y .  

S t a t u s  o f  f a b r i c a b i l  i ty. 

The CTR m a t e r i a l  p o t e n t i a l  demands a r e  b e i n g  comp i l ed  t h rough  c o n t i n u a l  con fe rence  w i t h  t h e  

U n i v e r s i t i e s  and N a t i o n a l  L a b o r a t o r i e s  who a r e  engaged i n  concep tua l  des i gn  s t u d i e s .  The 
1 

v a r i o u s  des i gns  a r e  b e i n g  s t u d i e d  f r o m  a  f a b r i c a t i o n  s t a n d p o i n t .  McDonnel l  Douglas A s t r o -  

n a u t i c s  - Eas t  i s  p r e p a r i n g  a  s t a t e - o f - t h e - a r t  document f o r  t h e  f a b r i c a t i o n  o f  mol ybdenum, 

4 n iob ium,  vanadium and t a n t a l u m  a l l o y s  i n t o  CTR t y p e  hardware.  They a r e  d raw ing  on  t h e i r  



e x t e n s i v e  e x p e r i e n c e  i n  f a b r i c a t i n g  aerospace components o f  t h i s  t y p e  m a t e r i a l  

The c u r r e n t  and p r o j e c t e d  m a t e r i a l  s u p p l y  d a t a  a r e  b e i n g  comp i l ed  t h r o u g h  con fe rence  w i t h  

I n d u s t r y ,  U n i v e r s i t i e s ,  U.S. Bureau o f  Mines and U.S. l a b o r a t o r i e s  who have worked w i t h  

t h e  v a r i o u s  m a t e r i a l s .  Dr .  E a r l  T. Hayes, f o r m e r  Deputy D i r e c t o r  - U.S. Bureau o f  Mines 

has been r e t a i n e d  as a  c o n s u l t a n t  on r e s o u r c e  and i n d u s t r i a l  preparedness problems.  

B a t t e l  le-Columbus L a b o r a t o r i e s ,  t h r o u g h  t h e  M e t a l s  and Ceramics I n f o r m a t i o n  Cen te r  a r e  

c o l l e c t i n g  d a t a  o n  r esou rces  and i n d u s t r i a l  c a p a c i t y  a s  a f f e c t e d  b y  CTR m a t e r i a l  demands. 



Sputter-Deposited MuZtifiZamentary Superconductors for Fusion ~ e a c t o r s *  

SD Dahlgren 

Methods have been developed t o  make m u l t i f i l a m e n t a r y  Nb-Al-Ge and Nb-A1 superconductors by 

h i g h - r a t e  spu t te r -depos i t i on .  M u l t i f i l a m e n t a r y  h i g h - f i e l d  superconductors a r e  needed f o r  
6  f u s i o n  r e a c t o r  plasma con ta inmen t .  The method pe rm i t s  p roduc t i on  o f  10 o r  more f i l amen ts  

per  square cen t ime te r  i n  a  vo id - f ree  m a t r i x  o f  h igh  c o n d u c t i v i t y  s t a b i l i z e r  such as copper. 

The bronze method p r e s e n t l y  used f o r  p roduc t i on  o f  mu1 t i f i l i m e n t a r y  h i g h - f i e l d  supercon- 

duc to rs  i s  1  i m i  t e d  by 1  ) t h e  r e s t r i c t e d  cho ice o f  superconductor composi t ion,  2 )  f o rma t ion  

o f  vo ids  next  t o  t h e  f i l amen ts ,  3 )  f i l a m e n t  breakage d u r i n g  hand1 i n g  and 4 )  l ow  c o n d u c t i v i t y  

o f  t he  s t a b i l i z e r  due t o  unavoidable s o l u t i o n  o f  a  superconductor r e a c t a n t  i n  the s t a b i l i z e r  
C 

E x c e l l e n t  superconduct ing p r o p e r t i e s  have a l ready  been found f o r  sput ter -depos i ted Nb-Al-Ge 

and they  can be d u p l i c a t e d  i n  the  m u l t i f i l a m e n t a r y  s t r u c t u r e .  Sput ter -depos i ted Nb-Al-Ge, 
4 f o r  example, was found t o  have c u r r e n t  c a p a b i l i t i e s  o f  4.4 x 10 5  A/cm 2  a t  100 kOe, 1.3 x 

5  2  2  
10 A/cm a t  150 kOe, and 2.6 x  l o 4  A/cm a t  200 kOe. The h i g h  c u r r e n t  c a p a c i t y  was 

a t t r i b u t e d  t o  smal l  g r a i n  s ize ;  g r a i n s  3501 i n  diameter were observed i n  t ransmiss ion  

e l e c t r o n  micrographs. C r i t i c a l  temperatures f o r  sput ter -depos i  t e d  Nb-A1 -Ge samples were 

16°K t o  18.5"K. The f a b r i c a t i o n  methods a r e  s u f f i c i e n t l y  general  t h a t  smal l  g r a i n  s i ze ,  

and consequent ly h i g h  c u r r e n t  capac i ty ,  should be p r o d u c i b l e  i n  mu1 t i f i l  amentary super- 

conductors made from any o f  t h e  promis ing A-15 phase composi t ions,  e.g., Nb-A1 , Nb-Sn 

o r  V-Ga. 

b 

* 
Resu l t  o f  work funded by D i v i s i o n  o f  Phys ica l  Research and PPIL i n t e r n a l  funds. 



Sputter-Deposition 0.' ,YczterinZs !'of CTR 'HppZication 

R Wang, SO Dah lg ren ,  N Laeg re i d ,  RW Moss 

The o b j e c t i v e  o f  t h i s  program i s  t o  deve lop  s p u t t e r e d  i n s u l a t o r  c o a t i n g s  t h a t  meet f u s i o n  

r e a c t o r  r equ i r emen ts .  S p u t t e r e d  c o a t i n g s  of  aluminum ox i de ,  y t t r i u m  o x i d e  and aluminum 

n i t r i d e  were p repa red  f o r  s t u d i e s  o f  t h e  m a t e r i a l s  and t h e  t echno logy .  A  14  m i l  t h i c k  d e p o s i t  

o f  A1203 was made a t  a  r a t e  o f  abou t  1  m i l / h r ,  e s t a b l i s h i n g  t h a t  i n s u l a t o r  m a t e r i a l  c o a t -  

i n g s  can be made i n  t h e  r e q u i r e d  t h i c k n e s s  b y  h i g h - r a t e  rf s p u t t e r  d e p o s i t i o n .  T h i s  t h i c k -  

ness i s  s u f f i c i e n t  f o r  t h e  t h e t a - p i n c h  f u s i o n  r e a c t o r ,  wh ich  r e q u i r e s  an i n s u l a t i n g  f i r s t  

w a l l  c o a t i n g  o f  a b o u t  13  m i l s .  A  h i g h - p u r i t y  s i n t e r e d  A1203 t a r g e t  was used t o  make t h e  

14  m i l  t h i c k  d e p o s i t  a t  20°C. Breakage of  h i g h - p u r i  ty s i n t e r e d  t a r g e t s  p reven ted  e a r l i e r  

e f f o r t s  t o  d e p o s i t  i n s u l a t i n g  m a t e r i a l s  o f  t h e  d e s i r e d  t h i c k n e s s .  The re fo re ,  t h e  d e p o s i t  

was made i n  a  s p u t t e r i n g  system t h a t  was r edes igned  t o  a l l o w  t a r g e t  breakage t o  occu r  i n  a  rn 

c o n t r o l  l e d  manner t o  p e r m i t  s a t i s f a c t o r y  d e p o s i t i o n  o f  t h e  t h i c k  d e p o s i t s .  

P r e v i o u s l y ,  a  dc t r i o d e  s p u t t e r i n g  system, m o d i f i e d  f o r  rf expe r imen t s ,  was used  t o  make b 

t h i n ,  0.4 m i l  and 6  m i l  t h i c k  A1203 d e p o s i t s  f r o m  a  l o w - p u r i t y  p lasma-sprayed t a r g e t  a t  a  

d e p o s i t i o n  r a t e  o f  0.5 m i l / h r .  S p e c i f i c a l l y ,  t h r e e  6  m i l  t h i c k  d e p o s i t s  were made on 

1  i n c h  n i ob i um d i s k s  m a i n t a i n e d  a t  a p p r o x i m a t e l y  20°C, 600°C, and 800°C. The 0.4 m i l  

d e p o s i t  was made a t  20°C on copper .  

Excep t  f o r  u n e x p l a i n e d  d a r k  a reas ,  d e p o s i t s  made f r om  b o t h  s i n t e r e d  and p lasma-sprayed 

t a r g e t s  were t r a n s p a r e n t  and had a  s l i g h t  b rown i sh  t i n t .  The brown t i n t  i n d i c a t e d  oxygen 

d e f i c i e n c y ,  even though oxygen a d d i t i o n s  were made d u r i n g  t h e  s p u t t e r i n g  r u n .  

The d e p o s i t s  made a t  20°C y i e l d e d  an x - r a y  d i f f r a c t i o n  p a t t e r n  c h a r a c t e r i s t i c  o f  a  g l a s s y  

o r  amorphous s t r u c t u r e .  Two e x t r e m e l y  b road  d i f f r a c t i o n  1  i n e s  co r respond ing  t o  t h e  most  

i n t e n s e  l i n e s  f o r  gamma A1203 were observed  i n  t h e  p a t t e r n s .  Heat  t r e a t m e n t  o f  t h e  6  m i l  

t h i c k  d e p o s i t  a t  800°C f o r  17 hours  caused p a r t i a l  t r a n s f o r m a t i o n  t o  c r y s t a l l i n e  gamma 

a lumina .  Complete t r a n s f o r m a t i o n  t o  gamma a lumina  was observed  a f t e r  1  hour  a t  900°C 

f o r  t h e  0.4 m i l  t h i c k  d e p o s i t .  F u r t h e r  h e a t  t r e a t m e n t  o f  t hese  d e p o s i t s  f o r  7 days a t  

1000°C produced g a m a  A1203 c r y s t a l  s t r u c t u r e s  hav i ng  a  sma l l  g r a i n  s i z e .  Heat  t r e a t m e n t  

a t  900°C and 1000°C i n  a i r  caused b o t h  d e p o s i t s  t o  l o s e  much o f  t h e  brown c o l o r  t h a t  had 

been a s c r i b e d  t o  oxygen d e f i c i e n c y .  F i n a l l y ,  a f t e r  1 hou r  a t  1420°C, t h e  d e p o s i t s  t r a n s -  

formed t o  w h i t e ,  opaque a1 pha a1 umi na w i t h  no c r y s t a l  l o g r a p h i c  t e x t u r e  c h a r a c t e r i s t i c  o f  

many d e p o s i t e d  and h e a t  t r e a t e d  m a t e r i a l s .  

4 

The 6  m i l  t h i c k  d e p o s i t s  made a t  600°C and 800°C a l s o  had t h e  g a m a  a lumina  s t r u c t u r e ,  b u t  

t h e  d i f f r a c t i o n  1  i n e s  were somewhat b road ,  i n d i c a t i n g  f i n e  g r a i n  s i z e  o r  c r y s t a l 1  i n e  

d i s o r d e r .  C r y s t a l l o g r a p h i c  t e x t u r e  was n o t  i n d i c a t e d  f o r  any  o f  t h e  gamma a lumina .  A  b 



p o s s i b l e  advantage o f  gamma alumina, which i s  cub i c ,  i s  t h a t  i t  may p e r m i t  r e s i s t a n c e  t o  

i r r a d i a t i o n  damage caused by  a n i s o t r o p i c  s w e l l  i n g .  L i t e r a t u r e  data i n d i c a t e  gamma alumina 

s l o w l y  t rans forms t o  a lpha alumina a t  1000°C, b u t  no evidence o f  the  a lpha phase was 

detec ted i n  s p u t t e r  d e p o s i t s  heat  t r e a t e d  f o r  1  week a t  1000°C. 

Exper imental  work on d e p o s i t i o n  o f  A1N was conducted i n  m o d i f i e d  rf equipment u s i n g  a  s i n -  

t e r e d  A1N t a r g e t .  The purpose was t o  f i n d  whether i n s u l a t o r s  o f  n i t r i d e s ,  such as  aluminum 

n i t r i d e  coat ings ,  can be made by h i g h - r a t e  s p u t t e r i n g .  The d e p o s i t  had a  th i ckness  o f  

2 m i l s  (50  pm) and had a  c o l o r  s i m i l a r  t o  the  t a r g e t  m a t e r i a l .  The su r face  o f  t h e  d e p o s i t  

was rough which may have been caused by t h e  f l a k i n g  and d i s c h a r g i n g  d u r i n g  t h e  f i n a l  s tage 

o f  t h e  d e p o s i t i o n .  X-ray d i f f r a c t i o n  showed t h a t  t he  d e p o s i t  was s ingle-phase A1N. Both  
s t h e  c o l o r  and t h e  c r y s t a l  s t r u c t u r e  o f  t h e  d e p o s i t  i n d i c a t e  t h a t  t h e  compos i t ion  i s  near 

s to i ch iome t ry .  A1N coa t i ng  on a  Nb s u b s t r a t e  a l s o  was prepared by h i g h - r a t e  r e a c t i v e  

s p u t t e r i n g  o f  pure aluminum i n  a  n i t r o g e n  atmosphere. The c o a t i n s  was about 1.8 m i l s  

1 (45 pm) t h i c k  c o n s i s t i n g  o f  a  0.6 m i l  (15 pm) t h i c k  A1-A1N graded l a y e r .  T h i s  c o a t i n g  

adhered e x c e l l e n t l y  t o  t h e  Nb subs t ra te .  

Major  improvements o f  t h e  s p u t t e r i n g  techn ique a r e  underway. The anode i s  be ing redes igned 

t o  p reven t  i t  from be ing i n s u l a t e d  by bu i l d -up  o f  the  i n s u l a t o r  coa t i ng .  Target  designs 

and f a b r i c a t i o n  methods a r e  be ing developed t o  e l i m i n a t e  t h e  t a r g e t  c r a c k i n g  problem. 

These changes shou ld  ensure t h e  c o n s i s t e n t  q u a l i t y  o f  ou r  s p u t t e r e d  i n s u l a t o r  coa t i ngs .  

Coat ings prepared by t h e  improved s p u t t e r i n g  designs w i l l  be t e s t e d  f o r  e l e c t r o n i c  pro-  

p e r t i e s  by t h e  s t a f f  members a t  BNL, LASL and PNL w i t h i n  t h e  nex t  few months. 



ENVIRONMENTAL EFFECTS 

I t  i s  impor tan t  t h a t  any impacts o f  t h e  CTR be i d e n t i f i e d  e a r l y  i n  t h e  research and 

development program so e f f o r t s  can be mod i f i ed  t o  p rov ide  needed i n p u t  t o  he lp  

assure m i n i m i z a t i o n  o f  t h e  impacts. A s tudy has been completed t o  determine the  a v a i l -  

ab i  1  i t y  o f  t h e  i nfo rma t i  on needed f o r  w r i t i n g  an environniental  impact assessment f o r  

t he  CTR development program. As a  r e s u l t  of t h a t  study,  i t  was determined t h a t  s u f f i c i e n t  

i n f o r m a t i o n  i s  a v a i l a b l e  t o  p e r m i t  w r i t i n g  an assessment o f  t h e  impacts. Therefore,  an 

environmental  a n a l y s i s  o f  t h e  development program has been i n i t i a t e d .  As a  r e s u l t  o f  t h e  

ana lys i s ,  a  d r a f t  document i s  expected t o  be prepared t h a t  es t imates  t h e  environmental  

e f f e c t s  o f  CTR power p l a n t s  e a r l y  i n  the  21s t  century .  The pr imary  a c t i v i t i e s  t o  d a t e  

have been o r g a n i z a t i o n  o f  t h e  e f f o r t  and i n i t i a t i o n  o f  t h e  t e c h n i c a l  a n a l y s i s .  A synop t i c  

o u t l i n e  o f  t he  f i n a l  r e p o r t  has been prepared and a p p r o p r i a t e  sec t i ons  have been assigned t o  

a  work team o f  20 p r i n c i p a l  i n v e s t i g a t o r s .  

Since ex t remely  s t rong  magnetic f i e l d s  w i l l  be used i n  f u s i o n  reac to rs ,  c o n s i d e r a t i o n  
4 must be g iven t o  t h e  p o s s i b l e  consequences o f  exposure o f  people, o t h e r  animals,  o r  

p l a n t  m a t e r i a l  t o  these f i e l d s .  A rev iew i s  i n  progress t o  determine what i n f o r m a t i o n  

i s  a v a i l a b l e  concerning t h e  b i o l o g i c a l  e f f e c t s  o f  magnetic f i e l d s  and t o  make recom- 

mendations concerning t h e  need f o r  a d d i t i o n a l  data .  I n f o r m a t i o n  obta ined thus f a r  

i n d i c a t e  t h a t  b i o l o g i c a l  e f f e c t s  occur under c e r t a i n  c o n d i t i o n s  b u t  t h a t  t he re  i s  a  

g r e a t  dea l  o f  i ncons i s tenc ies  between experiments. 



I n ~ o m u t i o n  RequiremenLs for Preparation of an Envirownental 
ImpacL Assessment of  the CTR DeveZopment Program 

JR Young 

A s tudy was made t o  determine t h e  a v a i l a b i l i t y  o f  i n f o r m a t i o n  needed f o r  w r i t i n g  an 

environmental  impact assessment f o r  t h e  CTR development program. It was concluded 

t h a t  enough i n f o r m a t i o n  i s  a v a i l a b l e  t o  p e r m i t  w r i t i n g  an assessment. 

The p r imary  a c t i v i t i e s  i n  t h e  s tudy were as f o l l o w s :  

Descr ibe the  CTRs being developed. 

Determine t h e  p o t e n t i a l  environmental  i n t e r a c t i o n s  f o r  each o f  these CTR concepts. 

Determine t h e  unique environmental  i n t e r a c t i o n s  i n  comparison t o  f i s s i o n  and f o s s i l  
4 

power p lan ts .  

Determine t h e  i n f o r m a t i o n  needed t o  def ine  those unique environmental  i n t e r a c t i o n s .  

Determine the  a v a i l a b i l i t y  o f  t h a t  i n fo rma t ion .  
'I 

Determine t h e  development e f f o r t s  necessary t o  p rov ide  t h e  i n f o r m a t i o n  t h a t  i s  n o t  

a v a i l a b l e .  

The a n a l y s i s  i d e n t i f i e d  f i v e  p o t e n t i a l  unique sources o f  environmental  i n t e r a c t i o n s :  

1 ) Large t r i t i u m  re leases .  

2 )  Large l i t h i u m  re leases.  

3) Large magnet ic f i e l d s .  

4 )  Large v i b r a t i o n s .  

5 )  Large m a t e r i a l  requirements.  

S u f f i c i e n t  i n f o r m a t i o n  i s  a v a i l a b l e  t o  p e r m i t  adequate p r e d i c t i o n  o f  t he  me tabo l i c  and 

r a d i o l o g i c a l  consequences o f  t r i t i u m  re leases.  The metabo l ic  and r a d i o l o g i c  e f f e c t s  o f  

t r i t i u m  p robab ly  a r e  b e t t e r  known than f o r  any o t h e r  r a d i o n u c l i d e .  The p r imary  d e f i c i e n c i e s  

i n  t h e  knowledge o f  t r i t i u m  l i e  i n  environmental  t r a n s p o r t  and i n  assurance o f  no unforeseen 

long- term e f f e c t s .  Large-scale,  m u l t i - g e n e r a t i o n  demonstrat ion experiments a re  needed t o  

conf i rm present  knowledge o f  bas i c  p r i n c i p l e s .  

Ample i n f o r m a t i o n  i s  a v a i l a b l e  t o  p e r m i t  p r e d i c t i o n  o f  t he  general  environmental  e f f e c t s  o f  

l i t h i u m  releases.  Considerable i n f o r m a t i o n  i s  a v a i l a b l e  as a r e s u l t  o f  pas t  i n d u s t r i a l  

experience. A d d i t i o n a l  research i s  needed t o  assure complete understanding of t h e  e f f e c t s  

on bo th  t e r r e s t r i a l  and aqua t i c  ecosystems. However, t h e  l a c k  o f  a l l  d e t a i l e d  i n fo rma t ion  

r on l i t h i u m  e f f e c t s  does n o t  prec lude a b i l i t y  t o  prepare an environmental  statement a t  t h i s  

time. I n f o r m a t i o n  i s  a v a i l a b l e  t o  permi t an order-of-maqni tude es t imate  o f  t h e  e f f e c t s  as 

needed f o r  p r e p a r a t i o n  o f  an i n i t i a l  program environmental  statement. Ample t ime  should be 

a v a i l a b l e  f o r  o b t a i n i n g  t h e  a d d i t i o n a l  i n f o r m a t i o n  needed f o r  p r e p a r a t i o n  o f  t h e  env i  ron- 

mental statements f o r  t h e  CTR p ro to types .  



Accurate prediction of the biological effects of chronic exposure to large magnetic f i e lds  

i s  not possible a t  this  time. Large scale,  multi-generation demonstration experiments are 

necessary to obtain the adequate information. However, lack of this information does not 

preclude conducting an environmental analysis. Magnetic f i e lds  have relatively small impact 

regions. Because the f ie lds  affecting the general public can be reduced by proper buildinq 

and equipment design and by use of exclusion zones, the environmental impact on the qeneral 

public due to magnetic f ie lds  i s  not expected to  be significant.  Considerable research may 

be necessary to demonstrate that there will not be significant ef fects  on plant employees. 

Vibrations a t  laser-fusion f a c i l i t i e s  are expected to have a negligible environmental effect .  

Reduction of vibrations to a desirable level i s  possible by proper plant design, a1 though 

the cost may be high. I n  addition, reduction of vibrations to an acceptable level fo r  the 
reactor auxiliary systems, such as the laser,  turbine generators, and instrumentation, 

should result  in acceptable vibration levels for  the general public. 

A Procurement of materials for construction of fusion reactors may cause unique environmental 

effects because of the significant increase in the quantities of materials used. This 

could result  in a large increase in land a1 teration during mining of ores or storage of 

chemical wastes. Increased a i r  a n d  water pollution could also resul t. No additional 

research i s  justif ied until the types and quantities of materials used are known. A t  that  

time, additional research may be justif ied if  the environmental effects appear excessive. 

Sufficient information appears to be presently available to permit preparation of an environ- 

mental statement for  the fusion reactor program. Development of the reactors has progressed 
fa r  enough that the general design and environmental effects of the in i t i a l  comercial 

reactors can be estimated. Sufficient information appears to be available to permit 

estimation of a l l  environmental effects except those due to magnetic forces'and large 

lithium releases. In those two cases the impacts on the general public probably can be 
reduced to insignificance by use of large exclusion areas and by proper plant design. 

A document presenting the results  of this analysis i s  in the final stages of publication. 



Controlled Thermonuclear Reactor Environmentul Analysis 

JR Young 

An environmental  a n a l y s i s  of the  CTR development program has been i n i t i a t e d .  The purpose o f  

t he  a n a l y s i s  i s  t o  prepare a d r a f t  document t h a t  es t imates  the  environmental  e f f e c t s  o f  CTR 

power p l a n t s  e a r l y  i n  t h e  21s t  cen tu ry  a f t e r  CTRs have been accepted f o r  commercial use. Only 

an i n i t i a l  program statement can be w r i t t e n  because the CTR development program has n o t  pro-  

gressed f a r  enough f o r  t he  bas i c  des ign o f  the commerical CTR t o  be known. Each o f  t he  CTR 

des ign concepts c u r r e n t l y  be ing developed wi 11 be descr ibed and analyzed t o  determine t h e  

general  types o f  i n t e r a c t i o n s  w i t h  the environment. Then, based on t h a t  i n f o r m a t i o n ,  a 

t y p i c a l  o r  r e p r e s e n t a t i v e  des ign f o r  the f i r s t  commerical CTRs w i l l  be se lec ted  as a b a s i s  

f o r  i l l u s t r a t i n g  the environmental  impacts t h a t  may occur a t  commercial CTR power p l a n t s .  

Because o f  t h e  e a r l y  s tage o f  t h e  development e f f o r t ,  o n l y  order-of-magni tude environmental  

e f f e c t s  can be es t imated.  A conse rva t i ve  approach w i l l  be used. The e f f e c t s  w i l l  be e s t i -  L 
mated by use o f  c u r r e n t  technology.  Since comnercia l  CTRs a r e  n o t  expected t o  opera te  u n t i l  

about t h e  yea r  2010, f u t u r e  t e c h n i c a l  advances shou ld  r e s u l t  i n  lower  impacts than es t imated 

i n  t h i s  ana lys i s .  

The pr imary  a c t i v i t i e s  t o  da te  have been o r g a n i z a t i o n  o f  t h e  e f f o r t  and i n i t i a t i o n  o f  t h e  

t e c h n i c a l  a n a l y s i s .  A synop t i c  o u t l i n e  of t h e  f i n a l  r e p o r t  has been prepared, and appro- 

p r i a t e  sec t i ons  have been assigned t o  a work team of twenty p r i n c i p a l  i n v e s t i g a t o r s .  

The e f f o r t  i s  based on a seventeen month schedule w i t h  i s s u e  o f  d r a f t  r e p o r t  e a r l y  i n  

December, 1975 ( F i g u r e  15) .  One s e c t i o n  of t he  r e p o r t ,  t h e  d e s c r i p t i o n  o f  t h e  CTR develop- 

ment program, has been completed. Rev is ions w i l l  occur e a r l y  i n  FY 1976, as  r e q u i r e d  by 

program changes i n  t h e  meantime. 
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Prepara t i on  o f  t h e  d e s c r i p t i o n s  o f  t h e  CTR concepts c u r r e n t l y  be ing  developed has been 

completed. P r i o r  t o  comple t ion  o f  t h a t  p o r t i o n  of t h e  document, these d e s c r i p t i o n s  w i l l  

be reviewed by the 1 abora t o r i  es deve lop ing these concepts. 

An envelope o f  des ign concepts f o r  CTR power p l a n t s  i s  being developed and t h e  general  

na tu re  o f  t h e  magnetic f i e l d s  has been es t imated.  

A survey o f  f i s s i o n  r e a c t o r  radwaste systems has been completed. A summary d e s c r i p t i o n  o f  

t reatment  systems and source terms has been developed f o r  HTGR1s, LMFBR1s and LWR's, and 

a p r e l i m i n a r y  d e s c r i p t i o n  o f  radwaste source terms f o r  v a r i o u s  CTR des igns has been developed. 

Most o f  t h e  o t h e r  p o r t i o n s  o f  t h e  a n l a y s i s  a re  i n  the  i n i t i a l  p e r i o d  a c t i v i t i e s  o f  making 
4 1 i t e r a t u r e  surveys and development o f  a n a l y s i s  procedures. Th i s  conforms t o  t h e  program 

schedule which c a l l s  f o r  complet ion o f  most o f  t h e  t e c h n i c a l  a n a l y s i s  e a r l y  i n  FY 1976. 

(F igure  15).  
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Magnetic F i e l d  Effect.; 

DD Mahlum 

S ince  e x t r e m e l y  s t r o n g  magne t i c  f i e l d s  w i l l  be used  i n  f u s i o n  r e a c t o r s ,  c o n s i d e r a t i o n  mus t  

be g i v e n  t o  t h e  p o s s i b l e  consequences o f  exposure  o f  peop le ,  o t h e r  an ima l s  o r  p l a n t  m a t e r i a l  

t o  t hese  f i e l d s .  A f i r s t  s t e p  i n  t h i s  c o n s i d e r a t i o n  i s  t o  de te rm ine  what  i n f o r m a t i o n  i s  

p r e s e n t l y  a v a i l a b l e  c o n c e r n i n g  t h e  b i o l o g i c a l  e f f e c t s  o f  magnet i c  f i e l d s  and t h e n  t o  d e t e r -  

m ine  what  a d d i t i o n a l  d a t a  a r e  necessary .  PNL i s  c r i t i c a l l y  r e v i e w i n g  t h e  l i t e r a t u r e  t o  

make recommendations c o n c e r n i n g  needs i n  t h i s  a rea .  

A con fe rence  was h e l d  o n  Feb rua ry  27, 1974, a t  AEC i n  Germantown, Mary land ,  t o  e x o l o r e  

s e v e r a l  a s p e c t s  o f  t h e  p rob lem o f  b i omagne t i c  e f f e c t s .  Contemplated and c u r r e n t  uses o f  

magnet i c  f i e l d s ,  r e s u l t s  o f  b i o l o g i c a l  s t u d i e s  and f u t u r e  needs were d i scussed .  The i n f o r -  

m a t i o n  p resen ted  summarized some o f  t h e  d a t a  b e i n g  produced i n  t h e  a r e a  o f  b i omagne t i c  

e f f e c t s  as w e l l  as  some o f  t h e  m i s i n f o r m a t i o n  wh i ch  has been d i ssem ina ted .  M i n u t e s  o f  I 
t h i s  mee t i ng  were p repa red  a s  p a r t  o f  t h i s  t ask .  

A  number o f  b i b l i o g r a p h i e s  and r e p r i n t s  o f  pub1 i s h e d  work have been o b t a i n e d  and c a t e g o r i z e d  

A  sea rch  f o r  a d d i t i o n a l  r e f e r e n c e s  and sources  o f  i n f o r m a t i o n  i s  c o n t i n u i n g  i n  a n  a t t e m p t  

t o  o b t a i n  as much p e r t i n e n t  d a t a  a s  p o s s i b l e  f o r  i n c l u s i o n  i n  t h e  e v a l u a t i o n  p rocess .  

The m a t e r i a l  c u r r e n t l y  a v a i l a b l e  i s  b e i n g  summarized and a d d i t i o n a l  m a t e r i a l  i n c l u d e d  a s  i t  

becomes a v a i  1  a b l e  . 

The i n f o r m a t i o n  o b t a i n e d  t h u s  f a r  i n d i c a t e s  t h a t  b i o l o g i c a l  e f f e c t s  o c c u r  unde r  c e r t a i n  

c o n d i t i o n s  o f  exposure  t o  magne t i c  f i e l d s .  Neve r t he l ess ,  t h e r e  i s  a  g r e a t  dea l  o f  i n con -  

s i s t e n c y  between expe r imen t s .  P a r t  o f  t h i s  i s  perhaps a  r e s u l t  o f  poo r  expe r imen ta l  d e s i g n  

i n  many cases as  w e l l  a s  a  l a c k  o f  t h e o r y  c o n c e r n i n g  t h e  i n t e r a c t i o n  o f  magne t i c  f i e l d s  

w i t h  b i o l o g i c a l  m a t e r i a l s .  The r e p o r t e d  r e s u l t s  a r e  b e i n g  c r i t i c a l l y  e v a l u a t e d  i n  an 

a t t e m p t  t o  d e f i n e  t hose  a reas  where s u b s t a n t i v e  agreement e x i s t s  and t o  de te rm ine  a reas  

where a d d i t i o n a l  s t u d y  i s  necessary .  
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