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TANDEM MIRROR ,\NI1 FN-t.P-RKVKKSEli MIRROR EXPERIMENTS* 

K. II. C<H-ns)-.<-n, !". C. S J morion and W. C. T u r n e r 
l.,iwrt.nci' l . l ve rn io re I.;II.IM a t n r v , I ' n i v o r s U v nf CJI] i t u r n I :i 

l . l v e r n m r o , C.A 9.' t')'in 

AlWTRArT 

Mn 11 i p ' ' ' -mi r m r sys t cris nf f ( . r s i gn i fi m u t '>nhanr< ranrt of t h e power ha l a n c e ,-rbove 
t hiii a t t a t n a h l e from a coiwe-nri nna 1 •« i n g l c c o M mi r m r m a c t o r . S e v e r a l mn] t i -
pi .-•-mi r m r eon f i , ' i i ra t i o n s a r e u n d e r e x p e r i m e n t . ! 1 i n v e s t i f>.*it ion : t l ic t a mien mi r -
r - i r . •'•<• h i g h - d e i s i t v mil 11 i p l e - m i rm>-, and t h e ftV 1 J - r e v e r s e d TFI r r o r . Tttix p a p e r 
i •- 1 .in-.e lv i!fvot'-H t o random mi r r n r and f i f I d - r e v o r soil mi r r n r e x p e r iment.i a t t h e 
;,fiwr.'n- <• I.iyi>njinn' I.ab nr.i t o r v (I.I .I .) , and b r i e f l y summar izes r e s u l t s nf expni- i" iont e 
i-i which f i e l d - r e v e r s a l h a s heen ach i e v e d . In t h e tandem P i t p e r i n i . n l , h ip ,h-eneri>v, 
i,; | . i - - . | ••) : i t y p l . i smas ( n e a r l y i d e n t i ' - a l to ?XIIB p l a s m a s ) a r e 1 n e a t ft! at rac i i end 
i-' ,i s-<!i<nnid where p l a sma ions aye e l e c t r o s t a t i c a l l y c o n f i n e d bv t h e h i g h p o s i -
l i vi' p o t e n t i a l s a r i s i n g in t h e "end p l u g " plasma*: . End pi UR : nn« a r e mac. n e t i r a 11 v 
m n f : ni>r), and I - I I T t r o i i s an* H P C t r o s t a t i c a l 1 v con f i n e d bv t h o nvi-ra 11 p n s i t i ve 
pot f -n t ia I of tln> s y s t e m , The f i e l d - r i v n r s c d n i r r o r r eac t o r cons i s l s nf qrvr-rn ! 
smal 1 l"i i' l d - r o v e r s e d mi r r o r p l a s m a s 1 i nked t o g e t h e r fnr economic n-a s o n s . In I he 
1.1.!. R.'l.i 11 e x p e r i m e n t , j ;eno r a l i on of a Mn I d - r e v e tse.d p l a sma r i n c w i l l he jnvr"--
t i g a t - d u s i n g a hii*h-enerf>v p lasma Run w i t h n t r a n s v e r s e r a d i a l m.-u*,n"'ie f i e l d . 
T h i s p l a sma w i l l he f u r t h e r h e a t e d and s u s t a i n e d hv i n j e c t i o n -if . n l - ' im, . , h i p h -
••n< r-Rv n e u t r a l h f . m s . 

v> •: w . r d s : nag ne t i c n i r r o r ; rhnrmonuc I p a r r e a c t o r s : f u s i o n ; t ami •••:-. mi r r o r : 
<"-V ,!- r e v e r s e d : - - p i n e h : nn 1 t i p ' e mi r r o , - s . 

INTRODUCTION 

Tandem TI; r r o r s and fi e I d - r e v e r s e d mi r r o r s , h a t h of wti ich o p e r a t e wit h o p e n - e n d e d 
m a g n e t i c m i r r o r c o i l s and at h i g h b e t a , o f f e r a number of a d v a n t a g e s o v e r a c o n 
v e n t i inn 1 s i n g l e - e e l 1 mi r r o r r e a c t o r ; e . g . , b o t h r e a c t o r c o n c e p t s c o u l d p r o d u c e 
i n u l e s t o n u p r o u t p u t and r e t a i n t h e d p s i r a h l e e n g i n e e r i n g c o n s t r u c t i o n and m a i n 
t e n a n c e f e a t u r e s c h a r a c t e r i s t i c of rho o p e n - e n d e d magnet i f d e s i g n . Hue t o t h e 
.n t r a c t i v e f e i f u r e s nf thesr> i v s t . - n i , t h e r e a r e a number of e x p e r i m e n t s underway 
•.. i e v * s ! i ii.ni,' nm! demonst r a t i ' t h e ..-nun nemenl n r o p e r t i p s nf sucli mi r r o r 

*W(ir1« p e r f o r m e d u n d e r t h e a u s p i c e s of t h e U . S . Depar tmen t nf Enerx"-' H v t h e 
I..iwi-1-nce l . i ve rmoro L a b o r a t o r y u n d e r c o n t r a c t number W-; '*0 [ i-ENn-/.R. 
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c o n f i g u r a t i o n s . T h e r e a r e o t h e r a t t r a c t i v e s y s t e m s in m i r r o r g e o m e t r y such a s t h e 
h i g h - d e n s i t y , m u l t i p l e m i r r o r s A i c . i s s e d b« Rvu tov ( i 9 7 8 ) . R e s u l t s of p l a sma c o n 
f i n e m e n t e x p e r i m e n t s in s i n g l e - c c 11 mi r r o r s t h a t a r e t h e s t e p p i n g s t o n e fo r t h e s e 
improved e x p e r i m e n t s an? rev iewed in our o t h e r p a p e r a t t h i s mi t i n g . 

R e a c t o r d e s i g n s t u d i e s h a v e bpen c a r r i e d onl a t Lawrence L i v e r m o r e L a b o r a t o r y 
( l . IJ . ) f o r b o t h t h e tandem rai r r o r f Car 1 unn .iivl c o - w o r k e r s , 1978) and Fie I d - r e v e r s e d 
m i r r o r (Moir and c o - w o r k e r s , 1 9 7 7 ) . T a b l e I g i v e s p r e l i m i n a r y p a r a m e t e r s fo r d e 
s i g n s c u r r e n t l y u n d e r s t u d v . Oth.-r p r o u p s h a v * a l s o c a r r i e d out tandfm m i r r o r ann* 
i i f I d - r e v e r s e d mi r r o r r e a c t o r d e s i [>ns tr> d i r i h o r i 1 l u s t r a t e re.-u t o r o p t i o n s . 

TABLE 1 Examples of T a n d e m M i r r o r and F i e l d - R t v.-r ?ed 
Mi^rroT R e a l t o r D e s i g n s 

•MPRie-Li ' 1 1 
T.indein r n v o r s c i ] 
mi r r o r * m i r r o r " 

200 210 

10 1.6 

V ™ (T> 

K i n | ( H ) 

p

m . „ t r , l h e m (MW1 

P n l i > c l r o n bt>n inf. (MW) 

pr„-.i„„ <™> 
Leng th (m) 

Q 

if) 

21 

• C a r l s o n and c o - v e r i e r - ( 1 9 7 8 ) . 
'Moir and c o - w o r k e r s U 9 7 7 ) . 

TANDKK MIRROR CflNCKIT 

The tandem m i r r o r c o n f i g u r a t i o n s u g g e s t e d by Dimov, Z a k a i d a k o v , and Ki ,= h i n e v s k i i 
(1976) and bv F o w l e r and Logan (19771 u t i l i z e - ; a number of d e m o n s t r a t e d m i r r o r 
p h y s i c s p r i n c i p l e s . F i g u r e 1 shows t h e e s s e n t i a l p a r t s of a tandem m i r r o r ma
c h i n e . Tvo s i n g l e - c e l l m i n o r m a c h i n e s a r e p ' a c e d a t t!ie ends of a I n n g e r s o l e 
n o i d . The m i ' r m r mach ine en<' M u g s p r o v i d e a miniir.um-B m a g n e t i c f i e l d t h a t c o n 
t a i n s a h i g h - t e m p e r a t u r e p l .T -na . S i n c e h' ,"\ i n n s i n j e c t e d hy n e u t r a l heams a r e 
b e t t e r c o n f i i . e d t h a n t h e e l e c t r o n s , t h e end p l u g s d e v e l o p a p o s i t i v e e l e c t r i c p o 
t e n t i a l t h a t c o n f i n e s t h e e l e c t r o n s . T h i s p o s i t i v e e n d - p l u g p n t i n t i a l , t o g e t h e r 
w i t h t h e h i g h m a g n e t i c m i r r o r r a t i o , c o n f i n e s t h e s o l p r . " i d i n n s (wh ich ore c r e a t e , 
by i o n i z a t i o n of g a s feed i n t o t h e s r ^ e n o i d ) . 

I n t h e tandem m i r r o r r e a c t o r , most of [lie f u s i o n power w i l l he p r o d u c e d in t h e 
s o l e n o i d . D e s p i t e t h e f a c t t h a t t h e end p l u g s a r e not e f f i c i e n t power p r o d - i c e r s , 
t h e o v e r a l l Q of t h e tandem s y s t e m can he h i g h b e c a u s e t h e s o l e n o i d volume V 
c a n he much l a r g e r t h a n t h e end p l u g volume V ; t h a t i i , 

P V 
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-Plug coils 

Transition coils 

Neutral beams 

Fip,. I . Arti s t ' s drawing <-f TMX i . hist r a t e s essent i a 1 tea turps 
of tandem mirror machine. 

per unLt vi 
s u s t a i i the cent ra l cel l and end plugs, respec t ive ly , and P n 

nuclear power per uni t volume generated in the solenoid. 

ilumo necessary 
is the thermo-

The ROomotrv of the Lande.n mirror is sketched ui Fig. 2. lligh->-'n«>ri 
heams maintain dense mirror plasmas in the end r e l i c . The inn." Ins 
tra 1 solenoid are replaced by injection of liw-.Mi.Tgv neutral beams 
l e t s , whicli are ionized and heatnd by the hnt e l ec t rons . !'•••• i-livi 
turn heated by the energet ic ions i i the plugs, and possibly hv .idd 
P i a r y heating such as e lec t ron cyclotron resonance heating (ECRIO. 
system is character ized Wy E p "' T„ "• T , where V. is the average in 
gy of the plug, T e is the electron temperature (which is the cam1 i 
and solenoid) , and ? c is the ion temperature in the central c e l l . 

If the densi ty in the plugs n p is grea ter than that in the sol^nni.i 
requirement of quas i -neu t ra l icy es tab l i shes a potent ia l difference 
the two regions. For a Bo'tzmann d i s t r ibu t ion of e lec t rons , ; . is 

f rep the c 
gas, or pe 
ns a re in 
iona aux-
Thus the 

o ( h p l u g s 

t h e 
i ' twee 

In - 2 

Centra 1-ce 11 ions with energy less than L|'C are confined in th is axia l po ten t ia l 
well for the time T C required for them to diffuse upward in energy above the 
ba r r i e : height . For -1-̂  > 2T C, T C is given by Pastukhov (1974) as 
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Low-field solenoid 

Minimum I B |-, / * / \ 
end cells 

F I R . 2 . Tandpm m i r r o r s w i t h a m b i p o l n r b a r r i e r s a t tht* nnds 

, e . T l f « ( R ) ( ^ ) « , p ( ^ ) 

where t j j in th<> i o n - i o n c o l l i s i o n t i m e , and « (R) = A ( 2 R + I ) I n U R + 2 ) / 4 R i s 
a s l o w C u n c t i o n tiE t h e c e n t r a l - c e l l m i r r o r r a t i o R = Bfrai r r o r ) / B f so l p n o i d ) . S u b 
s t i t u t i n g Eq- ( 2 ) i n t o Eq. (1) g i v e s 

T_/T_ 

'«•<« G*)1-(£)(£)"' C 

Provided T e ,> T c , a properly chosen inject ion flux of ions into the solenoid 
and the plugs (which are subject to conventional mirror confinement? wi l l maintain 
an a rb i t r a ry density r a t i o n_/n c

 > 1, so that any enhancement of T^ over 
T£j is f eas ib le . The temperature inequal i ty T e _> T c is important to mini
mize the density r a t io required for adequate e l e c t r o s t a t i c confinement of c e n t r a l -

4 
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c e ' i l ioriB. T h u s , i t i s a d v a n t a g e o u s t o u s e h e a t i n g m e t h o d s t h a t p r e f e r e n t i a l l y 
h e a t e l <=c t r o n s . 

E l e c t r o n s a r e c o n f i n e d by a n e t p o s i t i v e p o t e n t i a l $ e r e l a t i v e t o g r o u n d ; t h i s 
p o t e n t i a l a d j u s t s to a v a l u e e q u a l i z i n g t h e e l e c t r o n l o o t ' s w i t h t h e combined ion 
l o s s from t h e p l u g s and t h e s o l e n o i d . Under mas t o p e r a t i n g c o n d i t i o n s , t e x 
c e e d s : c by a f a c t o r o f 2 t o 3 . 

fipranse o f t h e e n h a n c e m e n t of t h e c o n f i n e m e n t t i m e o v e r ~ :• g iven hv F-qs, ( 3 ) or 
( O , t h e Q of a tandem m i r r o r r e a c t o r [Eq. ( 1 ) | c a n c o n s i d e r a b l y e x c e e d u n i t y . 

Tandem M i r r o r E x p e r i m e n t s 

Thpre , ir» four tandem m i r r o r expe*- ; .nients u n d e r way ( s e e T a b l e 2 ) . Gamma f> a t 
Tsukuba U n i v e r s ity i n J a p a n (Miyosh i and c o - w o r k e r s , 1 9 7 8 ; Y n t s u and c o - w o r k e r s , 
1979> b e g a n o p e m t i o n in t h e s p r i n g of 1978- E x p e r ' r n e n t s on t h e Tandem M i r r o r 
E x p e r i m e n t (TMX) a t LLL ( C n e n s g c n , 1977) b e g a n i n J u l y 1 9 7 9 . P h a e d r u s a t Che 
U n i v e r s i t y ° f W i s c o n s i n ( M a i , K e s n e r , and P o s t . 1977) and AMBAI -1 a t N o v o s i b i r s k 
f R y n t n v , 1978) a r c u n d e r c o n s t r u c t i o n . Tn t h i s p a p e r , we r e v i e w r e s u l t s from t h e 
o p e r a t i n g l.andem m i r r o r e x p e r i m e n t s Gamma 6 and TMX. 

Gamma n Tandem M i n o r E x p e r i m e n t 

The Gamma 6 e x p e r i m e n t h a s g i v e n e a r l y i n d i c a t i o n of t h e p r o m i s e of tandem m i r r o r 
g e o m e t r y . The p a r a m e t e r s o f Gamma 6 are- summar ized i n T a b l e 2 and s c h e m a t i c d i a 
grams a r e shown in F i g . 3 of t h e e x p e r i m e n t a l a p p a r a t u s and in F i g . 4 c f t h e p l a s 
ma, (jarana 6 i n c l u d e s s e v e r a l h e a t i n g s y s t e m s , n e u t r a l - b e a m i n i ec t i on f N B I ) , r ad i o 
f r e q u e n c y ( r f ) ( M i y o s h i and c o - w o r k e r s , 1 9 7 8 ) , and r e l a t i v i s t i c e l e c t r o n beora 
(REB) (Kawabe and c o - w o r k e r s , 1 9 7 8 ) , In o r d e r to o b t a i n e a r l y p h y s i c s r p s t i H s , 
Cniwia n was b u i l t w i t h o u t s o l e n o i d t r a n s i t i o n c o i l s . C o n s e q u e n t l y , t h e s o l e n o i d 
i s e l l i p t i c a l and t h e end p l u g s a r e n o t r o t a t e d 9 0 ° r e l a t i v e t o one a n o t h e r . 
Th i s i n t r o d u c e s 1 imi t a t i o n s (Ryu tov and S t u p a k o v , 1978) on s o l e n o i d con fi noinent 
t h a t w i l l n o t be p r e s e n t in t h e p r o p o s e d n e x t e x p e r i m e n t , Gamma 10 . 

The f i r s t r e s u l t s from Gamma ft showed t h a t a mac r o s c o p i c a I ly s t a b ! ? d e n s i t y d i s 
t r i b u t i o n cou Id be c r e a t e d in t h e tandem m i r r o r m a g n e t i c f i e Id conf i g u m t i o n . 
U s i n g Langmui r p r o b e s , t h e Gamma 6 g r o u p h a s shown t h e f o r m a t i o n of a:: a m b i p o l a r 
p l u g p o t e n t i a l t h a t , as shown in F i g . 5, i n c r e a s e d in m a g n i t u d e w i t h n u i t r a l - b e a m 
i n j e c t i o n ( M i y o s h i and c o - w o r k e r s , 1 9 7 8 ) . Tn more r e c e n t Gamma 6 e x p e r i m e n t s , 
m e a s u r e m e n t s showed t h a t t h e measured p o t e n t i a l d i f f e r e n c e be tween t h e end p l u g 
and c e n t r a l c e l l was i n a g r e e m e n t w i t h c a l c u l a t i o n s b a s e d on t h e f u n d a m e n t a l r e 
l a t i o n $ = T e l n ( n _ / n c ) g i v e n in Eq. ( 2 ) , The c a l c u l a t i o n s t a k e a c c o u n t nT t h e 
t u n e and s p a c e d e p e n d e n c e o f e l e c t r o n t e m p e r a t u r e . Most r e c e n t l y , ?-kt>V p l e c t r m i 
e n e r g i e s have been a c h i e v e d u s i n g REB h e a t i n g . 

THX Tandem M i r r o r E x p e r i m e n t 

T h i s s e c t i o n d e s c r i b e s t h e TMX d e v i c e , t h e e x p e r i m e n t s t h a t a r e u n d e r wav, and 
r e p o r t s t h e f i r s t r e s u l t s . A t h e o r e t i c a l model fur TMX o p e r a t i o n h a s ho en p u b 
l i s h e d ( C o h e n , 1 9 7 9 ) , and o t h e r p h y s i c s i s s u e s r e l a t e d t o t andem m i r r o r c o n f i n e 
ment h a v e b e e n summar ized ( B a l d w i n and c o - w o r k e r s , 1 9 7 8 ; ^ s h i nevskv and c o 
w o r k e r s , 1 9 7 8 ) . 

5 
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TABLE 2 Summary of Design Parameters of Tandem Mirror Experiments 
i n O p e r a t i o n o r C o n s t r u c t i o n 

Gamma 6 TMX P h a e d r u s AHBAu-1 

P l u g : 

B 0 (kG) 4 10 2 1? 

" W r o r ( k G > 10 20 

Rp Urn) 4 1-J 7 12 

L,„ m i r r o r - m i r r o r (cm) 75 90 

H e a t i n g me thod I Beam,RF,REB Beam ICHF Beam 

H e a t i n g power (MW) 0 . 5 9 0 .1 1.0 

D u r a t i o n (ms) 2 . 5 25 1 

n ( cm~3) 5 * 1013 5 * 10 |13 5 x 10 12 3 x i n ' 3 

W; (keV) 0 . 4 - 1 0 26 2 20 

T c (eV) 2G-200C 200 40 1000 

S o l e n o i d : 

B (kG) 1.5 0 . 5 - 2 . 0 0 . 5 2 

L p l u g - t o - p l u g (cm) 3?5 640 390 

Rp (cm) '; * 20 30 14 30 

n (em~3) 1.0 x 1 0 1 3 1 x 10 13 2 x 1C : 2 1 x 10-13 

Wi (eV) 80 '.5 500-1000 

T e CeV) 100 200 
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Baam 
dump 

Beam 
dump 

Fig. 3. Schematic diagram of Garana 6 experiment (Miyoshi and co-workors, 1978). 
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Magnetic field strength 
Plug mirror field: 10 kG 
Plug mirror ratio: 2.4 
Central-cell field: 1.6 kG 

Central plasma 

NButral-beam 
injector 

10 kV, 3.0 A (equiv.) 

Plug 
plasma 

REB 400 keV, B0 kA. 50 ns 

Hot-plasma parameter (plug) 
Average energy: - B keV 
Density: ~ 1 0 1 2 c m - 3 

Electron 
Temperature: 10 eV - 1 keV 

(nr| : - 1 0 1 1 cm- 3 -s 

F i g . 4 . ScnematLc d i a g r a m of Che Ganma 6 p l a s m a ( M i y o s h i and c o - w o r k e r s , 1 9 7 8 ) . 
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Fig. 5. Gamma 6 r e s u l t s show that the measured poten t ia l between the 
plug and cent ra l ce l l increases with neutral-beam in iec t ion 
current (Klyoshi and co-workers, 1978). 

The components of the basic TMX apparatus without the vacuu-n shell are shown in 
Fig. 1. The flux tube passing through the middle of Lhe machine is shaped hy tne 
end-plug magnets, the t r ans i t i on magnets, and the solenoid se t . The end plugs arc 
heated by neutral-beam modules arranged in four c l u s t e r s , two c lus te r s per plug. 
A photograph of the TMX apparatus is shown in Fig. 6. Tho end tanks provide the 
vacuum enclosure for the plug magnets and house the pumping surfaces for the sca t 
tered gas. The cen te r -ce l l tank completes the vacuum enclosure and, h?cause of 
i t s smaller s i z e , provides for eas ie r diagnost ic access to the plasma. The sca le 
of the apparatus is set by the end plugs, which are roughly the size of 2XTIB. 
The c e n t r a l - c e l l parameters are derived from the plug parameters. 

Operatii-: of TMX has jus t begun at th is wr i t ing . Measured plug parameters are 
s imi la r to those observed in 2XITB for the same injected neutral-beam cur ren t . As 
was true with 2XIIB, TMX parameters are improving with continued operation and 
with increasing neutral-beam cur ren t . Table 3 l i s t s parameters achieved in the 
f i r s t 2 weeks of opera t ion. 
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Fig, 6. View of TMX during construct ion. 
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TABI.E 3 Measured foitiarL,yH% plasma ParnmeterR 

Parameter ...,, i Value 

Total neutral-benm tur renr (.fiJI 300 
I 

End plug densi ty (10* 3 cm"^} i 2 

End plus *>sta tX) 15 

En* plug e lec t ron temperaturd (cV> 160 

Solenoid dennity ( 1 0 ^ cm" 3>| 2 

Solenoid beta (X) j *! 

The following observations arc encouraging: 

• Achievement of 5X beta in the solenoid, which indica tes t'10 absent--
of v io len t mnRnRtohydrodynamic (MM)) Instflbi Ht ieH. Plug botns nre *) tr. 1ST!, 

• Establishment of n tandem mirror! leoinHuiinal dent i tv pr«fi 1 <* wit'> 
center gas feed for the. f\il] beam duration of 25 "is. 

• Achievement ol n 160-eV electron; temperature. This i". s l i g h t l y 
higher than a t ta ined in 2XI1B when i t was opcrajttvi with twice the neutral-bcnm 
power now a t t a inab le In TMX. Furthermore, the leaser amount aC TMX power sus t a ins 
two end plugs, r a the r than one end plug, and n solenoid volume of 1,000 l i t r e " . 

Experiments are now in progress in the following arena: 

• Increasing the ooam current ami energy to further improve TMX pl,i« 
ma parameters, 

• Learning to optimise methods of funding gas to the solenoid. 

• Determining solenoid confinement p r o p e r t i e s . 

• Performing de ta i led d tag nor. t ic •nonsurements of olaRitm jx -pe r t i 

In the future, experiments till be carr ied out on TMX with elec tnn- ' " . i " i -i r. 
neutral-beam heat ing of the solenoid, ECRU beating of the end plug", in 1 th• ••• «' 
b a r r i e r s . 

FIELB-REVTRSAL CONCEPTS 

The f ie ld-reversed mirror (FRM) u t i l i s e s the magnetic f ields generate! -v plasma 
currents to close magnetic field lines within the plasma. The FRM eeroMin-* some 
good features of the mirror machine with good features of toroidal uvitpms. Th" 
magnets would have the technological s implici ty of a l inear mirroi sv-r.-m with 
co t 1 windings that do not Link the plasma- Plasma confinement wo<il.l ^ mproved 
r e l a t i ve to open- f i e ld - l ine mi r ' o r confinement because of format 1 • • >trri<tal 
closed Cie'd t ine surfaces by p.jsma cur ren ts . There arc p.irti intages to 
a FRM witr poloidal f ield only, although i t is possible to i n< nidal 
f ie ld as in the Spheromnk con-ie^it (Bussac, Furtb, and Ros<-nM< . To d<ite* 
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t h " o n l y FRH r e a c t o r s l ' i i d i e s hay«- amnmed t h a t t h e t o r o i d a l f i e l d i s * e r o . T< P 
plasr.in b e t a •* = [8^i(Tj + T ( , ) ] / B ^ m . i c ' h e n n e c e s s a r i l y of o r d e r u n i r v . Such 
a s y s t e m i s t h e o r e t i c s U y u n s t a b l e tn id.rfll MHD modes ( B a r n e s and S e y ? e r , ) 9 7 f i ) . 
S t a b i l i t y in assumed tr. he p r o v i d e d by f i n i t e I.nrtiinr r a d i u s p - T e c t s , a l t h o u g h 
t h e r p h a v e bpen no d e t a i l e d t h r u ! - t i c a t c a l c u l a t i o n * , "^v c r i t i c . i l i s s u e i s bow 
l a r g e a p l a sma w i l l '.in s t a b l e s i n c e flu* r a t i o o r p l a s m j minor r a d i u s t o inn 
g y r o r n d i u s must hp a b o u t f i v » tn a c h i e v e a rone- to r Q v a l u e of F i v p . For t h e s e 
smal 1 - s i z e p l a s m a s , onp r e a r i n r ronc i -p r f Moir and r n - w n r k p r s , 1977 ) u t 1117.0s a 
s t a t i o n a r y l i n e a r c h a i n of 10 f i e I < l - r e v e r s e d ce 11s p r o e \ i c i n j ' T n e t power o u t p u t 
i r o u n d 100 MW. S y s t e m s ompl ov i*ir, n m ' i n j ; f i e l d - r e v o r ;ed r i n g s havp a H o hppn s u g 
g e s t e d ( F l p i s rhmann and K a m o s h , l<»7 ri; Smi th and en - worker - ; , 1 9 7 0 1 . If i t t u r n s 
tint t h a t a t o r o i d a l f i e l d i s r e q u i r e d fnr i t a h i l i t y , t bpn the- ;e r e a r t o r c o n c e p t s 
would h a v e to be r e - e v n l n n t o d . 

F i e l d - R e v e r s a l Exp •rimonc-'i 

Tliorp bavp b e e n no fi e l d - r e v e r s a l e x p e r i m e n t s w i t h p l a s m a s c l o s e t o ""bprnonuc l e a r 
c o n d i t i o n s . Al l e x p e r i m e n t s have e i t h e r b e e n a l low t e m p e r n t u re or d e n s i t y o r , a--, 
in H I P c a s e o f 2XITB e x p e r i m e n t 'Cljnii ";t*r and c o - w o r k e r s , 1 0 7 8 ) , d i d not a c h i e v e 
c l o s u r e of t h e m a g n e t i c f i e l d l i n e s j . T h e r e *•<:, h o w e v e r , a number of f i e l d -
r e v e r s a l e x p e r i m e n t s which have genie . - . ted H I P fi e l d - r e v e r s e d c o n f i g u r a t i o n . Tb i-
s e c t i o n rpv inws r e s u l t s from t h o s e e x p e r i m e n t s , which -ire l i s t e d in T a ^ I e /». Wi
sh a 1 1 n o t d i s c u s s e i t h e r l a r g e - a s pec t - m t in e x p e r i m e n t s such a s t h e t o r . i 1' . 1 r > -
v r s w l - f i p l d p i n c h (Raker and c o - w o r k e r s , 1978) or t h o s e w i t h a s t r o n g t o r o i d a l 
rU-Id (Mohr i and cn-wovl iPHi , 1978) . , 

TABLE 4 Summary of P r e s e n t F i e l d - R e v e r s a l .x^ier ijnent s 

I E ' e r t r t i n C u s p - i n h ' c t P ' l 
P lasma r i n g 1 rin,-; _ e l e c t r o n beain Inn ri_ng 

E x p e r i m e n t U . l . - Be t a I I USI . -FRX/ j RERE-Cl i r i s la W I . / T r v h i e N1U. Corn" 
K i i r c h a t r v ' IRKV 

l e t hod o f Plasm.i gun Ttiota pi nc|i R e l n t i v i s t i c e lee I rem Ton d iodn 
g e n e r a t ' on beam 

Maj.ne.tic 5 7/12 O.S 1.8 n in 

f i e l d (kG) 

Ion e n e r s v 2500 pV Tid / lOO cV — — n. ' i M.*V 0. r ) M< 

E l e c t r o n 600 pV 100 3 . 5 MeV 1.? V. V 
e n e r g y 
D u r a t i o n * 10/100 1000 18 1,?S * 
Cl.s) 

*Has n o t v e t ach i eved f i e l d r e v e r s a l . 

Host c l o s e lv r e l a ' e d t o t h e r " incept he inR p u r s u e d ,i I L i v e r m n n ' a r e t t ie p l a sma r i 
e x p e r i m e n t s u s i n g p l a sma guns ( A ^ f v e n , ' . i n d b e r g , ,ind H i t l i d , 1060; J o n " ? and 
K i l l e r , 1968 ; T u r n e r , 1970) and t h e r e v e r s e d - C i e l d t h e t a p i n c h e s ( E b r r h a g o n and 
G r o s s m a n , 1 9 7 1 ; L i n f o r d , I M a t t s , and Sherwood, i n ~ - ; E s ' k o v and c i - w o r k e r s , 
1 9 7 8 ) . -At L i v e r m o r e , wo a r e b u i l d i n g a l a r g e r s c a l e v e r s i o n of a m a g n e t i z e d co
a x i a l p l a sma gun ( A l f v e n , L i n d b e r g , and Mit l i d , 1060) t i t i l i r . i n p t h e h i g h - e n e r g y 
c o a x i a l gun t e c h n o l o g y d e v e l o p e d a t L\SL ( l l e n n i n s and llammel, 1 0 7 7 ) . The 
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e x p e r i m e n t s w i l l be c a r r i e d out tin t h o R e t a 11 m a c h i n e (modi fi ed 2 X r i B ) . R e -
v e r s e d - f i e l d t h e t n p i n c h e x p e r i m e n t s a t Los Alamos ( L i n f o r d , P l f u . - , , i nd Shi r -wtod , 
1978) and K u r c h a t o v ( E s ' k o v and c o - w o r k e r s , 1978) h a v e g e n e r a t e d e n e r g e t i c C i c I d -
r e v e r s e d p l a s m a s e v e r a l gy ro rac i i i i in s t a p which e x h i b i t l o n g - t i m e MltD s t a b i l i t y . 

F i e l d - r e v e r s e d e l e c t r o n r i n g s h a v e b e e n c r e a t e d by t r a p p i n g r e l a t i v i s t i c e l e c t r o n 
h e e m s . In t h e i r e x p e r i m e n t s , Ttlsssewski and c o - w o r k e r a ( 1 9 7 8 ) have shown 1-ms 
e l e c t r o n r i n g s t a b i l i t y and e x p l o r e d many f e a t u r e s of t h e f i e I d - r e v e r s e d c o n f i g u r 
a t i o n . E x p e r i m e n t s a t NRL ( S e t h i a n and c o - w o r k e r s , 1978a , l97Fb) and I r v i n e 
( H o h e r s o n , J977) show o t h e r me thods of e i o a t i n g m a g n e t i c f i e l d r e v e r s a l u s i n g r o 
t a t i n g r e l a t i v i s t t c e l e c t r o n b e a m s . Ion r i n g f i e l d - r e v e r e i l e x p e r i m e n t s were 
i n i t i a t e d a t NRI, ( K a p e t a n a k o s -ind c o - w o r k e r s , 1979) and (' •--11 (Hnmraer and e n 
voi ke_rs, 1978) f o l l o w i n g t h e r e c e n t d e v e l o p m e n t of i n t e n s e p u l s e d ion b e a m s . 
T h e s e e x p e r i m e n t 1 ; c a n be e x p e c t e d to a c h i e v e most i m p r e s s i v e p l a s m a p a r a m e t e r s ,1« 
ion beam g e n e r a t o r o u t p u t power i n c r e a s e s . 

B e t a H Plasma Gun 

The g o a l nf t h e e x p e r i m e n t a l p r o g r a m a t LLL i s t o d e v e l o p means of h u n t i n g and 
s u s t a i n i n g f i e l d - r e v e r s e d plasma in a m i r r o r mac . l ine w i t h n e u t r a l - ' • ' am i n j e c t i o n . 
The most d i f (i cuIt s t e p fa t i tig th i s p r o g r a m i s s t a r t u p <>l t h e fi- I d - r e v e r s e d cr,r,~ 
f igu r a t i on . The p r e s e n t p i an is to combi ne r e c e n t work on I he d--.•>• 1 opmenr of 
1 a r g e c o a x i a l p i asma guns ( H e n n i n s and llammel, 1977) wi th Mi" I eei im'Tie*. of 
e a r l i e r e x p e r i m e n t s nn p r o d u c ri on ( A l f v e n , lii n d b e r g , ami M i i i i . i • ••>). i r;in^; IM , 
and mi r r o r t r a p p i n g e f Fi e l d - r e v e r e 1 r i ngs ( J o n e s and Mi 1 l e r , 1 "•" ; fur tie t , 11»7>;; 
Tuszewsk i and c o - w a r k e r s , 1978 ) . The a dap t a t i nn of p l a sma guns fo r th is p u r p o s e 
i s b e i n g c a r r i e d o u t in a j o i n t p r o g r a m at LhL ( S i m a n o n , 1978) and LASL ( A r m s t r o n g 
and c o - w o r k e r s , 1 9 7 8 ) , w i t h e x p e r i m e n t a l f a c i l i t i e s b e i n g c o n s t r u c t e d a t h o t h 
l a b o r a t o r i e s . 

S c h e m a t i c d i a g r a m s i l l u s t r a t i n g t h e b a s i c i d e a s of t h e f i e l d - r e v e r s e d planum gun 
e x p e r i m e n t a r ; shown i n F i g s . 7 and 8 . As shown in F i g . 7 a c o a x i a l p lasma gun i s 
f i t t e d v i t h s o l e n o i d s ' or, rho i n n e r and o u t e r e l e c t r o d e s ,ind immersed in an e q u i 
l i b r i u m g u i d e f i e l d . The c o i l c o n f i g u r a t i o n Forms n m a g n e t i c cusp in f r o n t nf t h e 
gun . F i e l d l i n e s e m e r g i n g from t h e i n n e r e l e c t r o d e g e n e r a t e a S t r o n g r a d i a l mag
n e t i c f i e l d component a t t h e gun ex i t . R e t u r n f l ux from i he i nne r e l er- t r o d e i s 
c o n t r o l l e d by t h e o u t e r e l e c t r o d e s o l e n o i d , so t h a t t h e gun can 'ie o p e r a t e d w i t h •) 
b i a s f i e l d or v e r y low f i e l d b e t w e e n t h e e l e c t r o d e s . Gas i s p u f f e d i n t o r u e 
r e g i o n b e t w e e n t h e e l e c t r o d e s a t a d i s t a n c e ha l fway he tween t h e b r e e c h ana" t h e 
m u z z l e . A f t e r a s u i t a b l e d e l . i y , a c a p a c i t o r bank i*= 1 i s e h a r g e d b e t w e e n e l e c 
t r o d e s , c r e a t i ng a r a d i a l c u r r e n t s h e e t n e a r t h e g a s in l**t . The c u r r e n t s h e e t i s 
pushed down t h e gun b a r r e l by t h e j • 3 h y d r o d v v i m i r f o r c e . H i g h - b e t a p l a sma 
r e a c h i n g t h e end o f t h e gun p u s h e s t h e f i e l d l i n e s n u t u n t i l e v e n t u a l l v t hey b e 
come h i g h l y e l o n g a t e d .ind t h e n r e c o n n e c t so t h a t a dr i f t i n g f i ' - l d - r e v e r s e d p l a sma 
r i n g i s fo rmed . Because t h e p l a s m a mixes w i t h t h e ass imuthai f i e l d in ( h e g u n , we 
e x p e c t t h e r i n g s to t r a p some t o r o i d a l f i e l d a s WP 11 a s a p o l o i d a l f i e l d ; t h i s may 
b e b e n e f i c i a l fo r s t a b i l i t y . The f i e l d - r e v e r s e d p lasma f o r m a t i o n scheme shown in 
F i g . 7 was, a s f a r a s we know, f i r s t o u t l i n e d hv Al fven (19581 and t h e n demon
s t r a t e d t o work by A l f v e n , L i n d b e r g . and M i t 1 i d ( I 9 6 0 ) . A f t e r t h e r i n g i s formed, 
t h e s e q u e n c e c o n t i n u e s in F i g . fi. The r i n g d r i f t s a l o n g t h e e q u i l i b r i u m f i e l d 
u n t i l i t i s r e f l e c t e d by a b a r r i e r f i e l d and t r a p p e d by a f a s t - r i s i n g g a t e f i e l d . 

M i r r o r r e f l e c t i o n and t r a p p i n g of a f i e l d - r e v e r s e d r i n g h a v i n g a t o t a l ene rgy of a 
few j o u l e s h a s been a c h i e v e d by J o n e s ;\r\A M i l l e r ( 1 9 6 8 ) . We wish t o e x t e n d t h i s 
t e c h n i q u e i n B e t a TT to r i n g s h a v i n g s e v e r a l k i 1 o j o u l e s t o t a l e n e r g y . The r i n g i s 
t h e n h e a t e d and s u s t a i n e d by n e u t r a l - b e a m i n j e c t i o n . 

1J 
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Pig. 7. Schematic of plasma j>un formation of f ie la-revprsed plasma. 
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Plasma 
Field-reversed Gate magnetic Barrier magnetic 

field field 

(a) Translate ring to . $3) 
mirror region ( j j ^ 

{b| Mirror trap ring 

(cf Neutraf-beam 
heat; ftefd-
reversed ring 

A : A ^ 

F I R . 8. Translat ion, mirror t rapping, and neutral-heam heat ing 
of f ield- reversed ri ngs. 

The i n i t i a l experimental goal is to produce -nd diagnose f ield-reversed r ings with 
parameters that are compatible with heat ing ar.L" sustaining by the ten Lawrence 
Berkeley Laboratory (LBLl 20-kV, 50-A neutral-beam injectors i n s t a l l ed on Beta n 
( in jec ted beam power ^5 HW, vr.ruum magnetic fif ld strength ^5.0 kG>. For t h i s , 
the »-ota! energy of the plasma ring should be several k i lo jou les occupying a p la s 
ma voiurae of several l i t r e s . The f i e ld - reversa l parameter AB/B s should be 
approximately 2, so that die field at the ring center is equal in magnitude and 
opposite to the applied f ie ld . The to t a l trapped poloidal flux ,' should roughIv 
equal 1.5 * lO^kG'cm^ for a 5,0-kG vacuum f i e ld . In th i s way, th« desired 
field configuration is created in the target plasma and the neutral beams are ugprt 
to V.eat and supply p a r t i c l e s but not to bui ld up the f ield-reversed flux. A mean 
target plasma ring density n = 3 x 10'^cm would be wt11 matched to beam in
j ec t ion , absorbing most of the incident beam energy while allowing the beam atoms 
to penetrate to the i n t e r io r of the r ing . 

Once the rings are formed, rhey must be slopped. If t h i s is to h»> ilone with a 
magnetic mirror , the required mirror r a t io R„, is a sens i t ive function nf the 
r a t i o of t r ans la t ion k ine t i c energy of the r ings U^ to the sum oF the i r thermal 
energy Up and magnetic endgy UB. For a spherical Hil l vortex equilibrium 
(Shafranov, 1958), i t can be shown that this ra t io of energies is related to the 
mirror r a t i o by 

= / IT - i 

Thus, for 0..5 < Ufc/fU- + Ug) < 1,0, Rm f a l l s in the range 2.25 to 4 .0 . After 
formation of the fiel- '-reversed r ings , important tasks wil l be to determine thu 
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mirror r a t i o required to stop the r ings and the extent ot 
r a t io of t rans la t ions 1 to thermal and magnetic energy. 

<ir control over the 

Once the r ings have been stopped, the c r i t i c a l question is the energy confinement 
time required so that they can be heated and sustained by neutral-beam in jec t ion . 
For a plasma ring energy of several kUojoules and the 5-MW of neutral-beam power 
avai lable on Beta I I , the required confinement time is of the order nf a m i l l i 
second. 

A schematic o" the plasma gun constructed to t es t the ideas just described is 
shown in Fig- "•• The design very closely follows that developed at I.os Alnmos 
Sc ien t i f i c Labo-atory (LASL) (llennins and Hnmmel, 1978; Marshall and Her.nins, 
1965), with adaptations required by the addition of the solenoid coi ls on the 
inner and outer solenoids. Some of the physical parameters of th is gun am sum
marized in Table 5. 

Fig, 9. Diagram of Beta II plasma gun. 

Data taken with a coaxial plasma gun s imilar to that shown in Fig. 9 but without 
the solenoid c a l l s have been reported by Hennins and llanmel (1977) at LASL, The 
data demonstrated plasma-gun production of multi-keV i o i s in suf f ic ien t quant i ty 
to form the f ield-reversed target for reutraI-beam in jec t ion . A fast-plasma com
ponent was observed with D* v e l o c i t i e s between "3 * 10' and 8.9 * 10 7 cm/s 
and having a me?n energy E * J.O keV. The transverse energy of the plasma target 
150 cm from the gun was 6.5 kJ, and the toLal energy measured on a calorimeter 
behind a 10-kG solenoid was W = 35 kJ. Frcm t h i s , we estimate the number of D+ 

ions in the fast-plasir j component N = w/E * 7 * 1 0 ^ . Roughly, th i s energy and 
p a r t i c l e output are an order of magnitude g rea t e r than is needed for the f i e ld -
reversed r ings in Beta I t , allowing a margin for inefficiency in transmission 
through the magnetic cusp. The t o t a l number N = 7 * 10* 9 of D+ ions estimated 
to be in the fast-plasma component amounts to only about 3% of the to ta l 
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TABLE 5 F i e l d - R e v e r s e d Plasma Gun P a r a m e t e r s 

P a r a m e t e r Va lue 

Plasma Run: 

I n n e r e l n - r t r o d e d i a m e t e r 15 cm 

O u t e r e l e c t r o d e d i a m e t e r 30 cm 

E l e c t r o d e l e n g t h 150 cm 

Pl. 'mim volume 3.0 cm-* 

I n n e r e l e c t r o d e wal l 1.3 cm SS + 0 . 1 0 cm Cu 

O u t e r e l e c t r o d e w a l l 0 .32 cm SS 

Capac i t o r h a n k : 

C a p a c i t a n c e 232 uF 

V o l t a g e 40 kV 

I n n e r . s o l e n o i d : 

No, o f t u r n s 133 

Mean t u r n s r a d i u s 5.2 cm 

I n d u c t a n c e 120 uH 

Res i s t a n c e 22 mfi 

M a g n e t i c f i e l d £40 kG 

Ou t e r s o l e n o i d : 

No. o f t u r n s 133 

Mean t u r n s r a d i u s 18 .8 cm 

I n d u c t a n c e 1.6 mH 

R e s i s t a n c e 80 m!! 

M a g n e t i c f i e l d £_("> kG 

Guide f i e l d <6 kG 
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r.O atra.cm1 of gas puffed into the plenum chamber. Cold, slow plasma may be 
expected to flow out of the gun af te r che fnst plasma has passed. The cusp field 
should prevent th is plasma from coming into contact with the plasma ring by 
d iver t ing it onto a wall, whe re it will recomhine to Eorm gas. For exper intents 
l as t ing up to a few mi 11 i se mnds , th i s t>as will not be troublesome, but beyond 
that it will diffuse to the hot plasma and cause excessive charge-oxchan f jn loss 
and plasma cooling. Eventually then, means must he devised for e i ther pumping 
th is gas or improving the gas efficiency of coaxial guns, 

Rt-vcrsed-Field Theta Pinch Experiment* 

In lcr fs t was renewed in reversed-f i e 1 d theta pinch experiments Fnllnwinj' the d i s 
covery of long-time eqn i 1 ibrium (F.berhagnn and Grossman, 1971; l.infnrd, IMatts, 
and Sherwood, 197H; Es'knv and co-workers, 1978). These experiments hnvij burned 
through the radiat ion b a r r i e r to reach hundreds of eV energy and remain stable for 
many MJfl) transit t imes. The enhanced confinement and high temperature,1; compared 
to open-ended theta pinches are a t i r ihu ted to the closed magnetic field l ines . 

Tlv reversert-fi eM theta pinch configuration in 'he I.ASl.-r'RX (l.infnrd, t 'Vatts, and 
Sh'Twoorf, 1978) experiments is terminated by the growth of a mia t inna t m = t in
s t a b i l i t y . Accord ing to Li nford, the rotat ion devc 1 ips when a snbstTnr i t\\ oancjiint 
of plasma and flux has been los t , and the loss nf plasma may be the cause rather 
than the effect of the rotf.tior.al i n s t a b i l i t y . There it' hope then that if the 
confinement of plasma and f t ux can lie improved in larger experiment;, t h i s m = 2 
mode wi ] 1 not be a 1 imi1:! ng factor, FRX reversed-f ie Id theta pi^ch experiments 
dnrinp, the stable period are of considerable i n t e r e s t since these experiments 
operate in the fi nice gy rnracl ins r,iuge 1 - a/;- j •' 10 of int- rest for f i e M-
roversod mirror reactors . The confinenenu time during the equilibrium phase is 
about 40 to SO ;:s, which exceeds the Rohm lime but is shorter than th» H)T-;.s 
c l a s s i ca l time if we assume that the est imate nf T p = 100 eV is a r r n r a l e , l n 

Linfnrd's experiments, there is evidence indicat ing improved confinement time with 
increase nf the minor radius of the r ing, i . e . , with a /n ; . 

Reversp.d-field theta pinch experiments car r ied out in the Soviet Union fl-ls'kov and 
co-workers, 1978) show s tah le confinement for up to 100 us limited only by the 
crowbarred magnet decay time. The m - ? rotat ional i n s t a b i l i t y lias never been 
observed in these experiments, perhaps because cusp magnetic mir r r r s are "-ed nt 
the ends and fast-pulsed gating co i l s force reconnect' .in at a prec ise ly con t ro l l 
able t ime. The forced recnnimc tion induces a st rong ax ial FuV.rk wave wli trh heat s 
the plasma and1 compresses it ngarnsf the wa I i. tin char c?i<; racro nf separntn 'x 
radius to wall radius is typical ly r s / r w ^ 0.7 to 0 .8 . For comparison, in the 
experiments of Linfnrd, P t a t t s , and Sherwood (1978), r s / r w - 0 . ' . . For 
r / r '_ 0 . 1 , the Soviet experimenters observe a v a ' i e t v of unstahlr and 
shor t - l ived plasma behavior such as v io lent d is rupt ion and tearing of the neu t ri 1 
current sheet, rapid loss oF riux ( and growth of an n = 4 nonrotating d i s to r t i on 
of the plasma cylinder. Aside from development of cusp-mirror end geometry and 
forced reconnection c o i l s , a Soviet group has a lso developed a pulsed octupolp 
ba r r i e r field to keep the neutral current sheet r.way fron the wall during reversal 
of the applied f ie ld . This resu l t s in improved flux trapping, plasma pur i ty , and 
absence of tearing i n s t a b i l i t y . 

tn summary, reversed-f ield theta pinch experiments provide in format inn not pre
sently available from other devices on s t a b i l i t y and confinement proper t ies at 
parameters re levant to f ield-reversed mirrors . 
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TANDEM MIRROR AND FIELD-REVERSED MIRROR EXPERWEttTS 

FIELD-REVERSED ELECTRON-RING EXPERIMENTS 

The R E C E - C h r i s t a E x p e r i m e n t 

The R E C E - C h r i s l a e x p e r i m e n t a t C o r n e l l U n i v e r s i t y ( T u s z e w s k i and c o - w o i k e r s , 1978) 
emp loys .1 r e l a t i v i s t i c e l e c t r o n g e n e r a t o r to p r o d u c e f i r I d - r e v e r s e d e l i » c t r o n r i n g 
c o n f i g u r n t i n n s . A l t h o u g h h i g h - e n e r g y p r o t o n r i n g s w i l l be needed fo r rone t o r a p 
p l i c a t i o n s , t h e e l ec t r o n - r i eg e x p s r iments a r e b e i n g p e r f o r m e d t o i n v e s t i g a t e v a r 
i o u s cfi.'irac t*» r i s t lea nf f i e l d - r e v e r s " d , l a r g o - o r b i t c o n f i g u r a t i o n s wi th lower c o s t 
and B i m p l r r t e c h n o l o g y . Th i s S c r i p s o f o x p e r iment s h a s b p e n s u c c e s s f u l in e x 
a m i n i n g a ivrnln-r o f intport.-tnf' i s s u e r ! : 

• P roduc t i on nf s t r o n g f i e IH rcve r s a 1 w i t h fie. Id r e v e r s a l 
l a s t i n g f o r 1.1 ms; 

• Compress ion of e l e c t r o n r i n p s by a f a c t o r oC "i with. 

no a noma 1 mis 1 nsG!*s; 

• T r a n s p o r t of e l e c t r o n r i n g w i t h o n l y smal l l o s s e s ; 

• D i s c o v e r y of m m d r u p o l e - i nduced r e s o n a n c e l o s s e s . 

Rqt . i t ing E_j_ffi ron Beam F i e l d - R e v e r s a l E x p e r i m e n t s 

A si 'enni! method of g e n e r a t i UP, r e v e r s e d m a g n e t i c f i e l d s i s by t h e u s e of a r o t a t i n g 
r e l a t i v i s t i> r l e e t r o n ha,ini, Such e x p e r i m e n t s h a v e b e e n c a r r i e d o u t a t t h e Naval 
R e s e a r c h L a b o r a t o r y (NRL) ( S e t h i a n and c o - w o r k e r s , 1978a , l ' ' 7 8 b ) and a t t h e 
U n i v e r s i t y of C a l i f o r n i a a t I r v i n e ( R o b e r s o n , 1 9 7 7 ) . In t h e NHL e x p e r i m e n t s , thf 
beam i s i n ; e c l « d i n t o p a s ; t h e I r v i n e e x p e r i m e n t e r s have u s e d g a s and p l a s m a t a r 
g e t - ; . Thf* RFB a c q u i r e s i t s r o t a t i o n by p a s s i n g t h r o u g h a cuxp m a g n e t i c f i e l d . 
The az imutha l c u r r e n t g e n e r a t e s t h e r e v e r s e d p o l o i dal f i e l d con f igu ra t i on, and t h e 
l o n g i t u d i n a l c u r r e n t p r o v i d e s a t o r o i d a l f i e l d . The f i e l d - r e v e r s e d s t r u c t u r e is 
c i a i n t t i n ' v l hv i n d u c e d p l a sma c u r r e n t s r a t ' i e r t h a n by t r a p p e d beam e l e c t r o n s .IR i n 
(he RECE-Chr i s t* e x p e r i m e n t s . 

ION-RING FIELD-REVERSAL EXPERIMENTS 

The i n v e n t i on o l h i g h - c u r r e n t re f l e x ion g e n e r a t o r s a l l o w s f i e l d - r e v e r s a i exp t - r i -
ment-s u s i n g h i g h - e n e r g y , l a r g e - o r b i t i o n s . Such e x p e r i m e n t s a r e underway a t NRL 
( K a p e t a n a k o s and c o - w o r k e r s , 1979 ) and a t Corne11 U n i v e r s i t v (Hammer and c o 
w o r k e r s , J 9 7 B ) . 

The NRL e x p e r i m e n t e m p l o y s ,i 200-kA, I . i -WcV, 1 0 - n s h o l l o w p r o t o n heam. Peak p r o 
ton c u r r e n t r e a c h e s 380 kA, w i t h g r e a t e r t han 6 * 1 0 1 6 p r o t o n s e x t r a c t e d p e r 
p u l s e . A f t e r p a s s i n g t h r o u g h a c u s p m a p n p t i c f i e l d , t h e i o n r i n g a c q u i r e s p e r 
p e n d i c u l a r e n e r g y . Very r e c e n t l y ( K a p e t a n a k o s and c o - w o r k e r s , 1979) i t h a ? ner>n 
r e p o r t e d t h a t f i e l d r e v e r s a l h a s b e e n a c h i e v e d , t h e f i e l d i n s i d e t h e p r o t o n r i n g 
r e a c h i n g a v.-i liir o f 1.25 t i m e s t h e vacuum f i e l d of 1 . ">0 kG. In t h e n e x t s t a g e of 
t h e e x p e r i m e n t , p u l s e d c o i l s w i l l t r a p the f i e l d - r e v e r s e d ion r i n g w i t h i n t h e mag
net i c mi r r n r . 

I n an i o n - r i n g e x p e r i m e n t a t C o r n e l l U n i v e r s i t y , a n a n n u l a r a n o d e m a g n e t i c a l K 
i n s u l a t e d i o n d i o d e is used Lo g e n e r a t e an i n t e n s e , 500-keV, 100-ns p r o t o n beam. 
T h i s beam w i l l b e i n j e c t e d i n t o t h e TREX mach ine w i t h a 10-kG m a g n e t i c m i r r o r 
f i e l d . R e s i s t i v e t r a p p i n g w i l l ' ie e m p l o y e d . 
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