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WStB 
ABSTRACT 

MINIMARS i s a concep tua l f u s i o n r e a c t o r 
based on tandem-mi r ro r magnet ic c o n f i n e m e n t . 
I t i s designed to produce 600 MH ne t e l e c t r i c 
f o r 41 mi ls /kWh and t o be capab le o f p a s s i v e 
shutdown and a f t e r h e a t remova l . 

INTRODUCTION 

HINIMARS i s t h e l a t e s t i n a s e r i e s o f 
tandem-mi r ro r f u s i o n - r e a c t o r s t u d i e s done t o 
a s s e s s t h e c o m m e r c i a l p o t e n t i a l o f t h e 
tandem-mi r ro r magnet ic -con f inement concept . 

The o b j e c t i v e o f the KINIMAhS s tudy was 
to develop a concep tua l des ign t h a t : ( 1 ) i s 
o f modest s i z e , 600 MWe; (2) i s economica l l y 
c o m p e t i t i v e , <50 m i l s / kWhr ; (3) i s p a s s i v e l y 
( i . e . , i n h e r e n t l y ) s a f e i n t e r n s o f p l a n t 
f i n a n c i a l i n v e s t m e n t , as w e l l as p u b l i c 
s a f e t y . 

The M i r r o r Advanced Reactor (MARS) (Ref . 
i ) , t h e f o r e r u n n e r o f M i N I M A R S , was 
c h a r a c t e r i z e d by a q u a d r u p o l e , e n d - c e l l , 
m a g n e t i c c o n f i g u r a t i o n i n t h e f o r m o f a 
complex, double y i n - y a n g s e t . I n MINIMARS, 
we r e t a i n the f e a t u r e s o f p o t e n t i a l p l ugg ing 
o f pass ing c e n t r a l - c e l l i o n s , t o g e t h e r w i t h 
t h e t h e r m a l b a r r i e r , b u t o b t a i n MHD 
s t a b i l i z a t i o n by a new e n d - c e l l c o n c e p t 
c o m p r i s i n g a compact o c t o p o l e magnet and a 
m i r r o r - c o n f i n e d h o t e l e c t r o n m a n t l e . The 
oc topo le p lug has s e v e r a l advantages over the 
q u a d r u p o l e (MARS- type) p l u g , i n c l u d i n g a 
c o n s i d e r a b l e r e d u c t i o n i n the e n d - c e l l magnet 
w e i g h t and c o s t , and e n a b l e s c e n t r a l - c e l l 
i g n i t i o n t o be a c h i e v e d w i t h much s h o r t e r 
c e n t r a l - c e l l l e n g t h s . 

The MINIMAHS s tudy was done d u r i n g 1985-
1986 by L a w r e n c e L i v e r m o r e N a t i o n a l 
L a b o r a t o r y i n p a r t n e r s h i p w i t h t h e F u 3 i o n 
Eng ineer ing Design Cente r , the U n i v e r s i t y o f 
W i s c o n s i n , TRW, G r u m m a n A e r o s p a c e 
C o r p o r a t i o n , G e n e r a l D y n a m i c s / C o n v a i r , 
Argonne N a t i o n a l L a b o r a t o r y , and the Canadian 
F u s i o n F u e l s T e c h n o l o g y P r o j e c t . T h e 
MINIMARS r e a c t o r i s exp ress l y designed fo r a 
shor t M l to 5 y e a r s ) c o n s t r u c t i o n t i m e by 
s p e c i f y i n g f a c t o r y - b u i l t m o d u l e s and a 
p a s s i v e l y saTe b lanke t and thermal c y c l e . I n 
t h i s w a y , we i n t e n d t o a c h i e v e a s m a l l 
r e a c t o r based on the tandem-mi r ror p r i n c i p l e , 

*Work p e r f o r m e d under the a u s p i c e s o f t h e 
U .S . Depa r tmen t o f Energy by the Lawrence 
L ivermore Labora to ry under c o n t r a c t number 
W-7405-ENG-K8. 

which w i l l m in im ize the u t i l l t y ' 3 f i n a n c i a l 
r i s k , t h e r e b y p r o v i d i n g an a t t r a c t i v e 
a l t e r n a t i v e t o the aore c o n v e n t i o n a l , l a r g e , 
f u s i o n p l a n t des igns encountered t o d a t e . 

S ince i t s i n c e p t i o n i n 1976, t h e tandem-
m i r r o r c o n c e p t ( R e f s . 2 , 3 ) has m o t i v a t e d 
exper iments (Re f s . i t -6) and r e a c t o r s t u d i e s 
( R e f s . 1 ,7 ,8) because a tandem-mir ro : ' r e a c t o r 
i s e x p e c t e d t o e x h i b i t t h e f o l l o w i n g 
a t t r a c t i v e f e a t u r e s : 

• S t e a d y - s t a t e o p e r a t i o n (no p u l s e d 
±oads o r c y c l i n g f a t i g u e ) . 

• L i n e a r geometry w i t h power produced 
I n r e l a t i v e l y s imp le c e n t r a l c e l l . 

• Low c h a r g e d - p a r t i c l e h e a t ? f l u x e s t o 
the f i r s t w a l l (<10 H/cm ) . 

• No r e q u i r e d d r i v e n c u r r e n t and no 
i d e n t i f i a b l e plasma d i s r u p t i o n s . 

• O p e n m a g n e t i c g e o m e t r y 
a c c o m m o d a t i n g d i r e c t e l e c t r i c a l 
c o n v e r s i o n o f c h a r g e d - p a r t i c l e 
power. 

• N a t u r a l i m p u r i t y d i v e r s i o n v i a 
plasma h a l o s . 

• H igh -be ta o p e r a t i o n as a r e s u l t o f 
~* the machine 's l i n e a r geometry . 

KEY FEATURES OF MINIMARS 

The MINIMARS r e a c t o r ( F i g . 1) ha.? an 88 -
m - l o n g c y l i n d r i c a l c e n t r a l c e l l p r o d u c i n g 
1230 MW o f D-T f u s i o n power i n s teady s t a t e . 
E l e c t r o s t a t i c p o t e n t i a l s c r e a t e d i n t h e 
t h e r m a l b a r r i e r p l u g s , as i n MARS {Ref . 1 ) , 
c o n f i n e the c e n t r a l c e i l i ons i n t h e a x i a l 
d i r e c t i o n s . R e s i d u a l r a d i a l l o s s e s o f 
c e n t r a l c e l l i o n s a r e s u s t a i n e d by p e l l e t 
i n j e c t i o n a n d a l p h a p a r t i c l e h e a t i n g 
( i g n i t i o n ) i n t h e c e n t r a l c e l l . 
A p p r o x i m a t e l y 38 MW o f con t inuous e l e c t r o n -
c y c l o t r o n - h e a t i n g (ECH) and n e u t r a l beams i n 
t h e t h e r m a l b a r r i e r p l u g s i s r e q u i r e d t o 
m a i n t a i n a x i a l conf inement and MHD s t a b i l i t y . 
The MHD s t a b i l i t y d e r i v e s f r o m the minimum 
JBJ p r i n c i p l e as i n MARS, but the minimum | B | 
f i e l d s i n MINIMArtS a r e c r e a t e d i n a h o t 
e l e c t r o n annulus (mant le ) around the t h e r m a l -
b a r r i e r plasma core by means o f h i g h e r - o r d e r 
o c t o p o l e c o i l s r a t h e r t h a n by q u a d r u p o l e 
( y i n - y a n g ) c o i l s as i n the case o f MARS. The 
r e s u l t i s much more compact, l o w e r - m a s s , and 
l o w e r - c o s t p lugs f o r MINIMARS, as ev iden t i n 
F i g . 2 . The s m a l l e r p l u g s i n MINIMARS i n 
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MINIMARS 600 MWe t a n d e m m i r r o r 
F i g . 2. Comparison o f the e n d - c e l l m a g n e t i c 
c o n f i g u r a t i o n s f o r t h e M i r r o r Advanced 
Reactor Study (MARS) ancl MINIMARS. 

t u r n a l l o w s m a l l e r c e n t r a l c e l l s and power 
ou tpu t t o be economica l . 

Table 1 compares p r i n c i p a l parameters and 
k e y f e a t u r e s of M IN IMARS a n d MARS. 
O r d i n a r i l y , one m igh t e x p e c t reduced p l a n t 
e f f l .c lcn .cy and h igher COE f o r sma l l e r p l a n t s 
due t o e c o n o m y - o f - s c a l e e f f e c t s , T h i s i s 
more t h a n o f f s e t i n KINiKAHS t h r o u g h t h e 
improved oc topo le p lug c o n f i g u r a t i o n , w h i c h 
r e s u l t s i n both h igher Q and h igher c e n t r a l -
c e l l b e t a ( l o w e r c e n t r a l - c e l l m a g n e t i c 
f i e l d s ) . T h u s , a l tho i - ' gn MINIMARS produces 
on l y h a l f the e l e c t r i c i t y compared t o MARS, 
the p l a n t e f f i c i e n c y i s preserved a t 36$, and 
the l e v e l i z e d COE i s reduced -10J i n cons tan t 
d o l l a r s . A m a j o r c o n t r i b u t o r t o t h e 

improvement i n MINIMARS e c o n o m i c s d e r i v e s 
f r o m r e l a t i v e l y reduced magnet mass both i n 
the p lug c o i l s and c e n t a l c e l l c o i l s . 

MINIHAHS ACCOMPLISHMENTS 

We have d e v e l o p e d a s i n g l e r e f e r e n c e -
p o i n t d e s i g n f o r MINIMARS i n s u f f i c i e n t 
d e t a i l t o make a f i r s t l e v e l cos t and s " e t y 
a s s e s s m e n t . T h e i n f o r m a t i o n we h a v e 
g e n e r a t e d i n t h i s d e s i g n s u p p o r t s o u r 
c o n c l u s i o n t h a t the MINIMARS cost and s a f e t y 
o b j e c t i v e s can be met , and t h e key f i n d i n g s 
o f t h i s s tudy are h i g h l i g h t e d h e r e . 

The bottom l i n e COE e s t i m a t e or 4 1 . 4 
m i l l s / k W e h r mee t s our o b j e c t i v e of <50 

Table 1 , P r i n c i p a l parameters and f e a t u r e s o r the MARS and MINIMARS tandem 
mirror reactors. 

Type of plug 
Net Electric Power (MWe) 
Steady State Fusion Power (MW) 
CJ Fusion Power/Heating Poi.'gr 
Neutron Hall Loading {MW/m ) 
Total Capital Cost 3 (M$) 
Cost of ElecLricity3' (mils/kHh) 
Mass-Power-Density (kWe net/tonne) 
Reactor Length (m) 
Central Cell Length (m) 
Central Cell Magnetic Field (T) 
Average Cental Ceil Beta (J) 
Blanket Coolant/Breeder/ 

Multiplier/Structure 
Blanket Energy Multiplication 
Coolant Outlet Temp. (°C) 
Max. Blanket Temp. 
Under LOCA/L0FA/L0SP° (°C) 
Shutdown Mode 
under L0CA/L0FA/L0SPC C O 

MARS 
quadrupole/ 

thermal barrier 

'MINIMARS 
octopoie/ 

thermal barri 
;;oo 600 
2600 1231 

26 32 
4.3 3- J 

3210 44 
46 41 
ni 100 

211 124 
135 83 
4.7 3-1 

28 60 
P b 8 3 / L i l 7 He/Pb83L\ l7 

I83L117/HT-9 Be/HT-9 
1.39 1 .46 
500 = 75 

1000 600 

A c t i v e Passive 

"1985 dollars. 
Constant - $, no inflation or escalation. 
LOCA/LOFA/LOSP » Loos of coolant/loss of flow/loss of site power. 
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m i l l a / k W e h r . Th i s cos t es t ima te was made f o r 
a t e n t h - o f - - a - k i n d c o m m e r c i a l p l a n t , w i t h 
a p p r o p r i a t e a c c o u n t i n g f o r p a s s i v e - s a f e t y 
( n o n - n u c l e a r g r a d e c o n s t r u c t i o n ) , w h i c h 
r e p r e s e n t s a b o u t 25? l o w e r COE t h a n i f 
MINIMARS w e r e n o t p a s s i v e l y - s a f e . T h i s 
r e s u l t i s encourag ing , i n t h a t t h i s MINIMARS 
COE i s c o m p e t i t i v e w i t h many quoted f u t u r e 
improved LWR des igns . However, one m u d keep 
i n mind t h e u n c e r t a i n t i e s i n t h i s MINIMARS 
des ign r e l a t i v e t o f i s s i o n - p l a n t des igns . 

F i g . 3 shows t h e v a r i a t i o n o r COE and 
mass power d e n s i t y as a f u n c t i o n o f MINIMARS 
p l a n t s i z e { P n e t ) , p r e d i c t e d by the tandem-
mirroi—systems code us ing c o s t i n g a l g o r i t h m s 
f o r v a r i o u s subsys tems n o r m a l i z e d t o t h e 
MINIMARS p o i n t d e s i g n a t 600 MWe. As 
e x p e c t e d f o r f u s i o n p l a n t s i n g e n e r a l , COE 
f o r M1N.1MARS vs Pnet e x h i b i t s a f a i r l y s t r o n g 
economy o f s c a l e . T h i s i s due p a r t l y t o an 
inc rease i n op t imum w a l l l o a d i n g w i t h P j ie t 
( f r o m 2 MW/m'" a t ?50 MWe s i z e , t o 8 MW/m a t 
2100 MWe s i z e ) and p a r t l y t o a unique f e a t u r e 
o f tandem m i r r o r s , n a m e l y , t h a t f i x e d p l u g 
cos t s make a d i m i n i s h i n g c o n t r i b u t i o n t o t h e 
t o t a l r e a c t o r c o s t as the c e n t r a l c e l l gets 
l o n g e r , as i t does w i t h i n c r e a s i n g Pne t . The 
d i r e c t c a p i t a l c o s t s c a l e s n e a r l y as an 
o f f s e t l i n e a r f u n c t i o n o f Pnet . 

An i m p o r t a n t c o n s i d e r a t i o n i n t h e 
MINIMARS b l a n k e t d e s i g n i s m e e t i n g t h e 
o b j e c t i ves o f pass ive shutdown and a f t e r h e a t 
coo l i n g i n the e v e n t o f a l o s s o f c o o l i n g 
a c c i d e n t (LOCA). 

W i t h i n a few seconds o f LOCA, f u s i b l e 
p l u g s a t s e l e c t e d f i r s t - w a l l l o c a t i o n s would 
mel t a t a t e m p e r a t u r e s l i g h t l y h i g h e r t h a n 
t h e norma l f i r s t - w a l l o p e r a t i n g tempera tu re , 
d i s c h a r g i n g s m a l l h e l i u m r e s e r v o i r s b u i l t 
i n t o the c e n t r a l c e l l , r e s u l t i n g i n a c o o l i n g 
o f the pl ; isma and c e s s a t i o n o f t h e f u s i o n 
r e a c t i o n i n a few a d d i t i o r a l seconds 
(Ref . 10J. 

S u b s e q u e n t t o t h e p l a s m a s h u t d o w n , 
a f t e r h e a t from the decay o f b lanke t 

F i g . 3. MINIMA/IS economy of scale. 

r a d i o n u c l i d e s r a d i a t e s f r o m t h e b l a n k e t t o 
t h e r e f l e c t o r , and f rom the r e f l e c t o r to the 
s h i e l d s by t h e r m a l r a d i a t i o n , a s s u m i n g t h e 
gaps have an e m i s s i v i t y o f 0 . 8 , as would be 
accep tab le f o r a p p r o p r i a t e l y o x i d i z e d m e t a l 
s u r f a c e s . F i n a l l y , the s h i e l d s a re p a s s i v e l y 
coo led by H„0 heat p i p e s , which t r a n s f e r t h e 
a f t e r h e a t t o t h e r e a c t o r v a u l t a i r . The 
b l a n k e t r e a c h e s a maximum t e m p e r a t u r e o f 
about 600°C some 36 hours a f t e r shutdown, *nd 
then s l o w l y coo l s o f f . Th i s temperature r i s e 
p r o b a b l y w o u l d cause no b l a n k e t damage, and 
r e a c t o r o p e r a t i o n cou ld be r e s t o r e d as socn 
as the cause o f the LOCA was c o r r e c t e d . 

Besides p r o t e c t i n g t h e p l a n t i n v e s t m e n t 
( a n i m p o r t a n t T h r e e - H i l e - I s l a n d i s s u e ) , 
l i m i t i n g the maximum tempera ture excu rs ion i n 
a LOCA a l s o h e l p s m i n i m i z e t h e r e l e a s e o f 
r a d i o a c t i v i t y i n a c c i d e n t s . The r e f e r e n c e 
c a s e MINIMARS b l a n k e t h o l d s o n l y 1 gram o f 
t r i t i u m i n t h e P b 8 3 L i l 7 b r e e d e r a n d He 
c o o l a n t , and o t h e r m o b i l e t r i t i u m i n t h e 
r e a c t o r v a u l t (<20 g rams) i s e s t i m a t e d t o 
c a u s e l e s s t h a n 1 rem d o s e a t t h e s i t e 
bounda ry i n an a c c i d e n t , even a s s u m i n g no 
c o n t a inment b u i l d i n g . A l s o , t h i s b l a n k e t 
c o n t a i n s no h i g h l y f lammable m a t e r i a l s . 

FUTURE DIRECTIONS 

A t t h i 3 t i m e t h e m a i n u n c e r t a i n t y -
r e g a r d i n g the a t t r a c t i v e n e s s o f t h i s type o f 
MINIMARS r e a c t o r ( I . e . , based jn t h e c o n c e p t 
o f tandem m i r r o r s w i t h t h e r m a l - b a r r i e r p l ugs } 
i s t h e i s s u e o f c o n f i n e m e n t s c a l i n g w i t h 
d e n s i t y , e l e c t r o n t empera tu re , and p o t e n t i a l . 
A r ecen t peer rev iew (Hef . 1 ) ) o f the tandem-
m i r r o r e x p e r i m e n t a l p r o g r a m l i as j u d g e d 
s u f f i c i e n t p r o g r e s s i n t h e e x p e r i m e n t a l 
r e s e a r c h t o recommend con t inued exper imen ts . 
The pr imary e x p e r i m e n t a l i s s u e s c o n c e r n i n g 
e f f e c t s o f ECH h e a t i n g on h o t e l e c t r o n 
l o s s e s , r a d i a l t r a n s p o r t i n the c e n t r a l eel 1 , 
and gas c h a r g e exchange , would be e s t i m a t e d 
t o s c a l e t o i n s i g n i f i c a n c e i n t h e MINIMARS 
r e a c t o r r e g i m e . N o n e t h e l e s s , MINIMARS 
r e q u i r e s conf inement t i m e , d e n s i t y , e l e c t r o n 
t e m p e r a t u r e , and p o t e n t i a l r ough l y 100 t imes 
g r e a t e r than t h o s e p r e s e n t l y a c h i e v e d , and 
s u c h l a r g e e x t r a p o l a t i o n s o f p r e s e n t 
parameters n e c e s s i t a t e f u r t h e r e x p e r i m e n t a l 
p r o g r e s s b e f o r e a M I N I M A R S r e a c t o r 
per formance can be p r e d i c t e d w i t h c o n f i d e n c e . 
Of c o u r s e , o t h e r advanced f u s i o n c o n c e p t s 
compel i.ng f o r s m a l l r e a c t o r a p p l i c a t i o n s , 
such as t h e Tokainak w i t h s e c o n d - s t a b i , i t y , 
and the Reve rbed -F ie ld -P ineh w i t h F-e pumping 
f o r s t e a d y - s t a r e c u r r e n t d r i v e , a re l i k e w i s e 
not ye t demonstrated e x p e r i m e n t a l l y and have 
s u b s t a n t i a l u n c e r t a i n t y i n c o n f i n e m e n t 
s c a l i n g . U n t i l any o f t h e s e c o n c e p t s i s 
p r o v e n o u t , MINIMARS shou ld remain a s t r o n g 
cand ida te f o r smal l f u s i o n r e a c t o r s . 

I n a d d i t i o n to improv ing tne expe r imen ta l 
da ta base i n con f inement , f u t u r e work 3 h o u l d 
a l s o c o n t i n u e t o seek ways t o f u r t h e r 
s i m p l i f y the des ign o f the p l u g s . As p a r t o f 



t h e M1N1M.ARS s t u d y , we b r i e f l y surveyed many 
c a n d i d a t e i d e a s f o r s i m p l e r and c h e a p e r 
p l u g s , compared t o the r e f e r e n c e case w i t h 
oc topo lea and ho t e l e c t r o n m a n t l e s , and we 
s p e c u l a t e t h a t s i g n i f i c a n t a d d i t i o n a l cos t 
r e d u c t i o n s are p o s s i b l e . 

F i n a l l y , t h e U n i v e r s i t y o f W i s c o n s i n 
group has r e c e n t l y p roposed a t a n d e m - m i r r o r 
r e a c t o r b u r n i n g d e u t e r i u m and he l i um-3 f u e l 
f r o m l u n a r s o i l s o u r c e s . T h i 3 c o n c e p t , 
c a l l e d Ra (Ref. 12 ) , prompt ly ha rves ts the 1*1 
MeV p r o t o n e n e r g y by n o n - a d i a b a t i c a l i y 
s c a t t e r i n g t h e p r o t o n s I n t o t h e d i r e c t 
c o n v e r t e r be fo re they t h e r m a l i z e , r e s u l t i n g 
I n u n p r e c e d e n t e d p l a n t e f f i c i e n c i e s o f 6 0 1 . 
Perhaps t h i s advanced f u e l scheme wou ld make-
b e a t use o f t h e most u n i q u e f e a t u r e o f the 
tandem m i r r o r : an open T l e l d l i n e geomet ry 
amenable t o e l e c t r o s t a t i c d i r e c t convers ion 
o f c h a r g e d - p a r t i c l e energy. 
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