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MAGNETIC MIRROR CONFINEMENT OF HIGH-ENF'>.GY t 

111 ^(-DENSITY PLASMA* 

F . 11. Coensnen and T, C. S i raonm 
l - w r - n c o Li VP rmoro L a b o r a t o r y , U n i v e r s i t y of Cn 1 i In, n ia 

I . i v n r m o r e , r,\ V o l O 

ABSTRACT 

T h i s p a p e r Mimmarixes r e s u l t s o b t a i n e d from and work in p r o g r e s s nn t h o s e e x p e r i 
men t s wh i r h have c o n t r i b u t e d s i g n i f i c a n t ly toward t h e con Fi nemenr in s i n j ; l e - c e 11 
m.iRri^t i r m i r r o r s y s t e m s of p l a s m a s c l n s o t o t h e r m o n u c l e a r c o n d i t i o n s , Heeausc che 
m i r r o r r on f i nement of s u c h h i f t l . - e n e r g y , h i ^ h - d e n s i t y p l a s m a s h a s b e e n s t u d i s d mest 
e x r e n s i v e Iv in t h e 2XIIB e x p e r i m e n t , d i s c u s s i o n of 2XIIB r e s u l t s forms a ma jo r p o r 
t i o n nf t!i i'i p a p e r . In t h e s e e x p e r i m e n t s , i n j e c t i on of l o w - e n e r g y p lasma h a s h i " ' " 
shown t o s u p p r e s s mi c r o i n s t a h i l i t i e s t o s u f f i c i e n t l y low l e v e l s t i i . l t h i g h - b e t a 
( 1) p l a s m a s c o u l d he a c h i e v e d ;ind s u s t a i n e d by c r o s s - f i e l d i n j e c t i o n of beams 
nf n e u t r a 1 p a r t i c I T S . P lasma c o n f i n e m e n t was found t o improve w i t h inn e n e r g v , 
e l e c t r o n t e m p e r a t u r e , and p l a sma s i z e , Based on t h e s e r e s u l t s , a l a r g e r M i r r o r 
F u s i o n Tos t F a c i l i t y (MFTF) wari d e s i g n e r , t o p u r s u e c o n f i n e m e n t s c a l i n g t o h i g h e r 
e n e r g i e s and l a r g e r p l a s m a d i m e n s i o n s . MFTF d e s i g n p a r a m e t e r s and c o n s t r u c t i o n 
s t i t u n , U P b r i e f l y - rev iewed . 

l ' cv words : map n e t i c mi r r o r ; open m a g n e t i c c o n f i n e m e n t s y s t e m s : h i g h - e n e i -gv p ! a s -

m.is; h ! g h - t e m p e r a t u re p l a n m a s ; h 1 g h - d e n s i t y plasmn<=; r hermonue 1 i'.ir p I ,*mma s J ?XT]N; 
pi .ism.! r o n I i l e n i e n t ; f u s i o n ; t h e r m o n u c l e a r . 

M a g n e t i c m i r r o r e x p e r i m e n t s a r e aimed a t d e m o n s t r a t i n g p r i n c i p l e s which can he em
p l o y e d to make p r a c t i c a l and e c o n o m i c a l the, rraoniie t e a r r e ^ c t o r s . The re i r r e x p e r i -
merits tn s t u d y b a s i c m i r r o r p h y s i c s as wel l a s e x p e r i m e n t s t o i n v e s t i g a t e c o n c e p t " 
e m p l o y i n g m i r r o r p r i n c i p l e s c a p a b l e of improv ing power h a l a n c n o v . r t h a t p o s s i M e 
in a b a s i c s i n g l e m i r r o r . T h i s p a p e r d e a l s w i t h s i n p l e - c f i I - m i r r o r e x p e r i m e n t s . 
T a b l e 1 l i s t s many o f t h e p r e s e n t l y a c t i v e m i r r o r e x p e r i m e n t s , Nor l i s t e d :-i 
T a b l e 1 a r e many othe>- m i r r o r e x p e r i m e n t s such a s t h o s e u s i n g tandem m i r r o r s . 
n n l t i p l e m i r r o r s , and f i e l d - r e v e r s e d m i r r o r s . S e v e r a l of t h e s e e x p e r i m e n t s wi ! ! l , e 
d e s c r i b e d in a s e c o n d p a p e r . T h i s p a p e r w i l l r e s t r i c t i t s e l f m a i n l v to a r e v i e w of 
?Xf[H e x p e r i m e n t s which have b e e n c a r r i e d ou t o v e r t h e p a s t 4 v c i r i , 

*Work p e r f o r m e d u n d e r th.- a u s p i c e s of the U . S . D e p a r t m e n t of E n e r g v hv t h e Lawrence 
Liver-more 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-7405-EHG--i8. 
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' r,\BI JF. I A"t i y c Si in; I'•-':«•_! 1 M i r r o r Expor i m o n l s 

K_o_f_. . _ IL&^S'JT.l! L a b o r a t o r y Purpose 

S i n w n and ?xnB/Beta ^l MX Sealing studies/ f ie 'd rever^a: 
r r W ' K l T - l fl97H) 

V.inaev (\')V)) PR7 Kurrh.Tlnv DCI.C invent \ r.nt i«n 

7.hilt\ ' .v and WRA 3B/0(7RA 4 Ktirch.i [nv Plasma confinement studies 
m-vorkor t < | P7R > 

Hiv ' i - ' i i and Ha mm a .Inpan-Tsuloihn r f hi-arinj; 
i =.-w ,rtiT<! f 1 1 7ft 1 Kafcnva 

Kl i nV-ivi«it»Mn an'! ilnnstnnce 1MI MIT hCI.C stabi I i /.at i nn 
flnul l in f 197R> 

••'.i i , K f i i i 'T , and Phaedrus ! ' . Wi u'nns i n Inn cyclotron healing 
]"..-;• " )7T : 

llr.'im and 

II..«!,!..11-/ nnH RV/l'Sl'i Novosibirsk Confinement .if rnt.V inn pin--1 

V-.I ( I <n? t 

• l i ' i l . I c ; f l f i / f t i PPX " m C ' T l . i ; s t a b i t / . ' i - . n 

F n r n ) . ; . . K i w n m o t e , [ r v i n c m i r r o r I ' . r . I r v i n e Mil l) r | , , n - • t i»« ! t i? H i m 
i n . I Uv .m t ] f ) 7 ' ) ) 

' V r i i i n , F i i m n n t o , ' . . i r v .o m i r r o r Hi:i.A I .an ;> ' m i r m r r - t t i " • • s p c r i m . - i 
a n d U n n j i ( 1 1 7 H ) 

t n t h e : r has ir fr:rm, mar.not ir mi rrors .-on H n>' t'mni' part i o !• « hnv i ni; s'i I f i<- i >-* 
t ran-; vfT'io oncri'v bv IMHKI nj« I hem tn bo re Mec tod in rep, iiins nf h i »»hf r magnet i i 
f i e l i i strength. Those par t i c les with I no much para l le l volocit '. ' then "srnpe 
through the mi r rnr loss cone. Si net' the olec Iron scat tor ing rat •• is much more 
rapid than lit at of the ions, electrons tend to be Inst m.>j-o rap id lv . A* a resu l t , 
the n i r r n r region charges up tr a posi t ive potent ia l which e toe I rest al i • •! 1 1 j con
fines o 1 oc trons anil expo 1 Is I f j -energy i ons . Ions an 1 in tor tod • 1 - -* -1» in in tho con -
fined region >f ve loc i ty spare hv means of" ni'i itrnl-lip.im inp- r t inn nearly nnrm.il 'n 
magnetic, f i e ld l inos. These inns arc then confined u n t i l the" cross the veloc i ty 
spare loss boundary by processes such as those l i s ted in Table I 1. 

Ttio production of h i e.h-energv and h i ̂ h-dons i i v pl.-.sma in n.:gnet ir ni rnir-; required 
tiro dove Inpmonr of a rmmher nf crmcopfs nrit\ I ichito 1 OR io.-i, as out !f nod in Pi.-!. 1. 
Tin' PX1II1 >xpor Imenl emploved these developments to produce ;i plasma near thermo
nuclear cnnd; t ions. Maj>notohvdrndvnami<- <MIHl) s t .nh i l i t v was f i r s t demons t r;i ted in 
oxper iincnti by To F foe. Subsequent l v , most one r^ot ic mirror expor imonts emp loved 
minitnum-B nagnots. Vacuum technology w.is developed in a number of oxperimentR i n 
cluding OCR\, ?X, Phoenix, and Baseball I t , , i n d continues to play an important role 
in the .nRineerinR design of presont-dav mirror machines. Micro install i i i t ies have 
boon '.tudied in nearly every m ino r experiment, but i t was PR6, PR7, an<\ 2XIIB that 
demons-, t. rated stnhi 1 izat ion of the dr i f t-eve lotron loss-cone (DCtO node and opened 
flie way to the present generation of mirror rxp i r imcnts . Development nf neut ra l -
beam heating and fuel ing of mirror machines was underway for manv vi-ars. but 
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TABLE 2 L o s s P r o c e s s e s i n M a g n e t i c M i r r o r Mach ines 

L o s s p r o c e s s Method t o improve c o n f i n e m e n t 

I o n - i o n s c a t t e r i n g 

El ec t r o n d r a g 

Wave d i f f u s i o n : 
Wave s c a t t e r i n g 
Enhanced s c a t t e r i n g 

R a d i a l t r a n s p o r t : 
MUD 
Wave d i f f u s i o n 
D r i f t s u r f a c e s 

N o n a d i a h n t i c 

Charge e x c h a n g e 

High ion t e m p e r a t u r e 

High e l e c t r o n t e m p e r a t u r e 

S t a b l e d i s t r i b u t i o n s 
Machi ne l i x e 

Minimura-B m a g n e t s 
Reduce f l u c t u a t i o n 1 eve I s 
Magnet d e s i g n 

S t r o n g and ! a r g o m a g n e t s 

Good vacuum c o n d i t i o n s ; 
h i g h ion t e m p e r a t u r e 

1. Major d e v e l o p m e n t s r e q u i r e d t o p r o d u c e h i g h -
h i g h - d e n s i t y m i r r o r p l a s m a . 

t h e h i g h - c u r r e n t beams d e v e l o p e d for 2XIII1 by Lawrence H e r k e l e y L a b o r a t o r y ( L H i l 
made p o s s i b l e s u s t a i n e d p l a s m a s n e a r t h e r m o n u c l e a r c o n d i t i o n s . Such h i g h - c u r r e n t 
n e u t r a l heams a r e now w i d e l y used in t h e tnkamak p r o g r a m . U n t i l t h e a d v e n t of 
t h e s e h i g h - c u r r e n t n e u t r a l beams , a c o n s i d e r a b l e amount o f r e s e a r c h e f f o r t was 
d e v o t e d t o t h e p r o d u c t i o n of t a r g e t p lasma s u i t a b l e fo r i o n i z a t i o n of n e u t r a l 
b e a m s . High neu t r a l - b e a m c u r r e n t s permit : s t a r t u p w i t h r e l a t i v e l y s i m p l e 
t a r g e t - p l a s m s p r o d u c t i o n m e t h o d s . 



T, 11, (;uciisi;i'ii .ind '1 . * • Simum-n 

The major portion of this papor rwifws 2X1 lit oxporimonral ro<;„)ri. In ?XIIB wo 
haw demonstrated the suppivsii on nf micrnins tabi1i t ios to n T, nw nmit ral-ho.im 
buildup of hifth-hota pi asmas. In thoso oxpor inont i , plasma confi nom--nt was fmmd 
tn improve with ion enoriry, o1f>rtrnn tonpnratur^, and plasma radius. Tho param
eters and construction s t a tus of a t a r t e r Mirror Fusion Tost F a r i l i t v <MFTF) aro 
described, Tho HFTF oxperimont is boiriR )m i 11 to pursue ron fi nomont i n l i n e to 
hiRhf*r onc?rf;ioR ,-md larp.or plasma dimnn:! i nns , 

THF. 2XItB EXPERIMENT 

Tho 2X1IB pxporitnont i l l n s t r a tod in F IR , 2 omp]nv<! •> minimum-Il vin-v.inj; ma^no! for 
plasma con fi nemont. Th<- tnnp.notie Hold stronpth is approx imarelv (1,7 T at t ho 
••.ontnr and r i s e s to l.'t T at th •> mirrors . No.ir rho cotitor, t'io nar.notir fio(-) 
strongth can ho approx im.itnrl hy tho parabola 

B( r , z ) /R 0 - 1 * ( r / 5 5 ) 2 + U / 7 5 ) 2 

whom r and 7. am in rent imct ros, TJj in mi niroum-fi m-mm'tic wo 11 pr^vidon MlfT; l i a 
b i l i t y tn the hij>h-bota plasma. 

Fig, 2. 2XIIB machine-

The high^vacuum chamber consis ts of a total volume of 57,000 l i t r e s . The 270 m' 
of Surface area is coated with several monolayers of fresh titanium before each 
shot to increase the pumping speed. 

A 
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The 2XIIB n e u t r a l - b e a m s y s t e m c o n s i s t s o f t w e l v e 20-keV LBL n e u t r a I - b e a m m o d u l e s , 
each h a v i n g a 10-ms p u l s e d u r a t i o n . In t h e e x p e r i m e n t s r e p o r t e d h e r e , we i n j e c t e d 
up t o 7 MW o£ p o w e r . The e q u i v a l e n t atom c u r r e n t r e a c h e d 500 A, 

Plasma s t a r t u p i s i n i t i a t e d by t i t a n i u m - w a s h e r p l a s m a g u n s . By i n j e c t i n g p l a s m a 
i n t o t h e m i r r o r a l o n g f i e l d l i n e s , t h e s e guns p r o v i d e a t a r g e t p l a sma d e n s i t y o f 
> 1 0 * 3 c n ] - 3 a n d a n i n i t i a l electron temperature of 30 cV, As described below, 
startup has also been initiated with a 20-keV, 10-A, 1-ms electron beam to ioni?.o 
ga9 introduced near one mirror. 

The DCLC mode is stabilized either by allowing the plasma guns to operate for the 
entire shot duration or by pulsing in a gas-feed system after hot-plasma buildup 
occurs. Electrons, which have been heated by the hot ions, ionise the gas. This 
gas is fed in near the mirror throat to minimize charge-exchange loss of the hot 
ions in the center of the mirror. 

An extensive array of diagnostics is employed on 2XIIB, as shown in Fig. 3. About 
100 diagnostics channels are recorded after each shot using transient digit izers. 
These data are r^en stored and analyzed by me&ns of a computer system. 

Fig. 3. 2XIIB diagnostics. 
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STABILIZATION OF MICROINSTABILITIES 

In 2XIIB, there are two strong departures from thermodynamic equil ibrium, the rad
ia l density gradient and the ambipolar hole in veloci ty space. If uncontrol led, 
these two sources of free energy drive ion cyclotron f luctuat ions to such high 
leve ls that neutral-beam in jec t ion of energet ic ions can not sus ta in an equil ibrium 
plasma dens i ty . The in jec t ion of low-energy ions suppresses the l ev t l of DCLC 
fluctuat ions to a lower level with a marginally s table veloci ty d i s t r i b u t i o n func
t ion . The amount of warm s t ab i l i z i ng plaBma required decreases if the plasma rad
ius increases . Figure ft shows an example of the buildup of ion cyclotron o s c i l l 
at ion when the s t a b i l i z i n g plasma stream is turned off during a shot . These f luc
tua t ions cause rapid diffusion of ions in to the ambipolar hole as plasma turbulence 
attempts to supply the low-energy ions from the high-energy population injected by 
neut ra l beams. Without a s t ab i l i z ing stream, the beams can no longer sus ta in the 
plasma densi ty , so the plasma decays. 

1.0 2.0 3.0 4.0 5.0 
Time - ms 

Fig. 4. Measurements show plasma stream stabilizes DCLC instability. 
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ION CONFINEMENT SCALING LAWS 

There are two fundamental Coulomb processes that l imit mirror confinement of ener
get ic ions: 

• Ion-ion angle scatter 

log . a R cm 

where R = R

m H x ' B m i n = mirror r a t i o , and E^ is in keV. 

• Electron cooling or e lect ron drag 

nt , = 4.4 
drag e 

where T e is in eV. We havu studied these Coulomb sca l ing laws in 2XIIB. By 
varying the neutral-beam ex t rac t ion vol tage, we were able to vary the mean ion 
energy as shown in Fig , 5. Measurements of the p a r t i c l e l i fe t ime by three methods 
indicated that • hn hot-ion l ifet ime increased with ion energy. The dashed curve 
shows the value r-xpected according to Eq. CD. From measurements of e lect ron tem
pera tu re , we estimated the e f f ec t s of e lec t ron drag as shown by the sol id l ine . A 
res idual level of ion cyclotron f luctuat ions diffusion and a small level of 
charge-ex change losses account for the lower ttian ideal confinement time. These 
experiments have been simulated with a one-dimensional quas i - l i nea r computer code 
(Berk and Stewart, 1977). 

10 L / . 
5 10 

Average ion energy Et — keV 

Fig. 5. P a r t i c l e l i fe t ime nr vs ion energy. Dashed curve is ion-ion 
s c a t t e r i n g , Eq. ( I ) . Solid l ine includes e lec t ron drag l o s s e s . 
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Since 2XIIB ion energy confinement i s s trongly dependent on e lect ron temperature, 
we have plot ted the mean energy confinement pararaater versus the cent ra l e lec t ron 
temperature in Fig. 6. The ion energy confinement time is 

plasma energy 
E trapped beam power 

n E . Vol 

P f 
beam trapped 

(3) 

We see that the measured ntg increases with e lect ron temperature hut f a l l s below 
the value obtained from Eq. ' ( 2 ) . This departut i s a t t r i bu t ed to the radia l e l e c 
tron density and temperature p ro f i l e , the charge-exchange losses , and the ion cy
clotron f luc tua t ions . 

3 0 912-77 7 ^Oo 
A 11 3-77 / o° • 2-24-78 / ° A • * 

r i 
"i 
5 

' O • 
A • 

| o . A • 

A ^ ° " 
c 1 A • 

A 

A A 

0.1 , %,., 
100 200 

Fig. 6. Ton energy confinement time nip vs cen t ra l e lectron temperature. 

For further d i r ec t study of the ion cooling r a t e , we conducted a se r i e s of exper i 
ments in which the neut ra l beams were turned o££ a f t e r plasma buildup. In th is 
case, with beams turned off the f luctuat ion level was very low. We then measured 
the c h a r a c t e r i s t i c ion cooling time Tg in plasmas with different electron temper
a tu re s . The r e s u l t s , shown in Fig. 7, exhibi t the T | * 2 scal ing of Eq. (2) and 
agree reasonably well with the Spitzer coeff ic ient when we account for the plasma 
rad ia l densi ty p r o f i l e . 

HIGH-BETA (FIELD-REVERSAL) EXPERIMENTS 

Closure of magnetic field l ines by plasma diamagnetic currents offers the p o s s i b i l 
i ty of subs tan t i a l improvement I,-, plasma confinement r e l a t i ve to open-ended mag
net ic mirrors . Such magnetic configurations have been created at a number of other 
labora tor ies by methods outlined in c»«ir second paper (Coensgen, Simonen, and 
Turner, L979). F ie ld - reversa l experiments in 2XIIB were motivated by the unprece
dented high be tas achieved in e a r l i e r experiments. 

F ie ld- reversa l experiments were done at two values of vacuum field s t reng th , 
B = 0.67 T (mirror r a t i o R =* 2.0) and B = 0.43J T (R = 1.8), with the neutra l beams 
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Fig. Low cooling rate vs cen t ra l e lec t ron temperature. 

aimed one gyroradius offset from the magnetic axis to enhance the ax i s -enc i rc l ing 
component of the ion diamagnetic cur rent . Scaling of the measured plasma param
e t e r s as functions of injected neutral-beam current 1^ is shown in F ig . 8 for the 
two values of vacuum-field s t rength . Plasma l ine density increased with injected 
beam cur ren t . The moan plasma radius R_ and ax ia l length L p , defined as the 
1/e point of the l ine-dens i ty p r o f i l e s , were nearly independent of beam current 

Electron temperature T e increased l inear ly to 140 eV with beam current for the 
h igh- f i e ld data [see F ig . 8(b) ] . The s c a t t e r of these T e measurements for the 
low-field data was believed to be associated with the changing vacuum environment 
of the plasma. For both experiments, the mean ion energy was independent of beam 
cur ren t . 
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Fig . 8. Plasma parameters ior f i e ld - reve raa l experiments for lotf- and 
high-magnetic field s t rengths as a function of incident n e u t r a l -
beam current ! Ca) l ine densi ty and plasma rad ius , (b) mean ion 
energy and e lect ron temperature, and (c) peak beta and f i e ld -
rever sa l factor A3/B. 
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Figure 8(c) shows the plasma beta on-a;<is, p • 8TrnjW^/B5ac, and the f i e ld - r eve r sa l 
parameter, defined to be the f ie ld change oh-axis divided by the cen t ra l vacuum 
f i e l d : j 

j 
_£5 L_ ! ° M Lr— ( 4) 
»«. »«. 2 R2 (R 2 * 1* ) " 2 

P P P ; 

The bulk plaama diamagnetic moment M is measured by a plasma-encircl ing loop. The 
re la t ionship between the field change on-axis and the ex te rna l ly measured dipolo 
moment is derived for a cy l ind r i ca l current \ aheet with radium Rp and ha l f - length 
L_ an u i s a good anoroximation to a r i g i d r6 to r with Gaussian cu r ren t -p ro f i l e 
i a enn.Qr * exp (-r^/Rj- - a 2 / L ^ ) . The r i g i £ ro to r ro ta t ion frequency is fl, The 
scale lengths R p and L_, taken from the l in^-der.ai ty p r o f i l e s , wore c ro s s 
checked for the low-field data with an array of small magnetic-loop probes placed 
close to the plasma surface to measure the Shape of the plasma-currant d i s t r i b u t i o n . 

Figure 8(c) shows that R increases with 1^, j reaching fl • 2,3 for the low f ield and 
fl = 1.2 for the high f ie ld . Since the plasma length is comparable to the diawuter, 
fl > 1 does not imply f ie ld r eve r sa l . The ^ffect of f i n i t e length and the r e s u l t 
ing magnet ic-f ield line curvature is included in Eq. (A). For the data at 
B v a c = 0,435 T, AB/B v a c increases approximately l i nea r ly with beam cur ren t , reach
ing an average vaHie AB/B v a c =* 0.9 + 0.2 a t , Ij, » 400 A. The data at B v a c • O.o7 T 
increase with beam cur ren t , bu1; reach a lower value AB/B v n c • 0.6 + 0.1 at 
T b = 500 A. 

These experimental r e s u l t s have been compared *jith the SUPERLAYER p a r t i c l e -
simulation code (Pcar l s te ln and co-workers, 1978j Siraonen and co-workers, 1978). 
The experimental data for B v a „ » 0.435 T art* in reasonable agreement witii the 
code p r e d i c t i o n s . The high-Eield data are below the code predic t ions presumably 
because these experiments are more strongly dOitiinat°d by DCLC-modc wave di f fus ion. 

LARGE-RADIUS EXPERIMENTS 

To maip* j i n marginal s t a b i l i t y of the DC'LC mode in 2XIIB, i t was necessary to sup
ply a warm <troaming plasma cs shown in f i g . 4 , Energy exchange with the e lec t rons 
of .his unconfined s t a b i l i z i n g plaama reduced T e and he.ice the energy-contairmenL 
t iue of the mirror-trapped ions . The larger the pl.isma s ize R_ compared wihh the 
ion Larmor radius a ; , the sic . t i ler the fract ion of warm to hot plasma necessary 
for DCLC s t a b i l i t y . 

Motivated by these t heo re t i c a l ideas , we increased (he radius of the 2XIIB plasma 
by aiming the neut ra l beams off axis and re loca t ing the streaming plasma guns to 
larger rad ius . In these experiments, we found that the cen t ra l e lect ron temper
ature and ion energy confinement parameter increased as shown in Figs . 9 anc 10. 
The large plasmas required only one-fcurth the trapped neutre -be^-n power per uni t 
volume that is needed in the small plasmas to produce the sa.c cen t ra l e lec t ron 
temperature. Measurements of the current of streaming plasma transmitted through 
the machine were found to be near the value predicted by the D0LC quas i - l i nea r 
theory. 

An objective of these experiments was to generate la rge- radius (R_/a;) high-beta 
plasma. In these experiments, we succeeded in producing a 14-cra-radlus plasiras with 
radius parameter Kp/a^ = 6 at a bete of 0 .4 . This heta was limited by the a v a i l 
able neutral-beam cur ren t . 
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MAGNETIC MIRROR CONFINEMENT OF HIGH-ENERGY, HIGH-DENSITY PLASMA 

IMPURITY STUDIES 

M i r r o r m a c h i n e s do n o t c o n f i n e h i g h - z i m p u r i t i e s w e l l b e c a u s e t h e i m p u r i t i e s a r e 
e x p e l l e d hy t h e p o s i t i v e a m b i p o l a r p o t e n t i a l . A s t u d y of i m p u r i t i e s i n 2XIIB i n 
c l u d e d e x p e r i m e n t s i n which s m a l l amoun t s of n e o n g a s w e r e p u f f e d toward t h e , i l asma 
s u r f a c e ( D r a k e and Moos , 1 9 7 9 ) . The inward f l u x o f neon i o n s I* was d e t e r m i n e d from 
m e a s u r e m e n t s o f t h e u l t r a v i o l e t b r i g h t n e s s . F i g u r e 11 shows t h a t t h e f l u x d e 
c r e a s e d from one i o n i z a t i o n s t a t e t o t h e n e x t . T h i s i n d i c a t e s t h a t i o n s were b e i n g 
l o s t in l e s s t i m e t h a n i s r e q u i r e d f o r t h e m ! t o d i f f u s e i n w a r d and i o n i z e . T h e s e 
r e s u l t s show t h a t t h e m i r r o r m a c h i n e a c t e d 4 s « d i v e r t e r — t h e neon i o n s were e x p e l 
l ed b e f o r e t h e y p e n e t r a t e d i n t o t h e p l a s m n . 

1000 1 | 1 | 1 I 1 
6/23/78 

l'°4nB 

1 1 1 1 1 ' 
• SO Tort 
0 100 Totr 

too 

' \ 
10 l\ 

^ 
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Neon charge slate 

F i g . 1 1 . The o b s e r v e d neon f l u x shows a s h a r p d e c l i n e a s c h a r g e s t a t e 
i n c r e a s e s , i n d i c a t i n g h i g h - z i m p u r i t i e s a r e e x p e l l e d by t h e 
m i r r o r p l a s m a . 

S t u d i e s s,towed t h a t t h e c o n c e n t r a t i o n of n a t u r a l i m p u r i t i e s such a s t i t a n i u m , c a r 
b o n , and n i t r o g e n was a b o u t 0 .42! . We found t h a t t h e p l a s m a c o n t a i n e d a 3% c o n 
c e n t r a t i o n o f oxygen t h a t was i n t r o d u c e d i n t o t h e p l a s m a a t h i g h e n e r g y from t h e 
n e u t r a l beams and was n o t e x p e l l e d u n t i l t h e p l a s m a c o o l e d down. Ttie power r a d i 
a t e d by a l l t h e s e i m p u r i t i e s was s m a l l compared t o t h e power d e p o s i t e d by t h e n e u 
t r a l b e a m s . 

MFTF EXPERIMENTS 

The r e s o l u t i o n i n 2XIIB of t h e p r i n c i p l e i s s u e s f o r p l a s m a c o n f i n e m e n t in m i n o r 
s y s t e m s ( c o n t r o l o f m i c r r - i n s t a b i l i t y , s c a l i n g o f m w i t h i o n e n e r g y , and e n e r g y 
s t a r t u p i n a s t e a d y - s t a t e m a g n e t i c f i e l d ) t o g e t h e r w i t h t h e d e v e l o p m e n t of t h e o r e t 
i c a l l y d e r i v e d s c a l i n g l a w s which d e s c r i b e 2XIIB b e h a v i o r p r o v i d e s a b a s i s f o r t h e 
d e s i g n o f m a g n e t i c m i r r o r r e a c t o r s y s t e m s . However , t h e e x t r a p o l a t i o n t o r e a c t o r 
s y s t e m s i s so l a r g e t h a t an i n t e r m e d i a t e f a c i l i t y known a s t h e M i r r o r F u s i o n T e s t 
F a c i l i t y (MFTF) i s b e i n g c o n s t r u c t e d a t t h e L a w r e n c e L i v e r m o r e L a b o r a t o r y (LLL) , 
MFTF w i l l p r o v i d e a t e c h n o l o g y b r i d g e b e t w e e n p r e s e n t e x p e r i m e n t s and e x p e r i m e n t a l 
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r e a c t o r s , a s w e l l . IS p r o v i d e a t e s t bed fo r p h y s i c * s c a l i n g 1 . iwi , The d e s i r e d 
o b j e c t i v e : of MFTF a r e : 

• A t e c h n o l o g i c a l p r o t o t y p e of an e x p e r (men t n ! r e a c t o r , 

• E a r l y compl e t inn (1981-H2) so t h a t an e x p e r i m e n t a l rone I: o r c o u l d 
become o p o r n t i n n . i l in t h e l a t e l S S O ' s . 

• n i and £' a s larg,? a s p o s s t h l e t o p r o v i d e a c o m ' i n r i n g d e m o n s t r a t i o n 
t h n t m i r r o r p h y s i c s c a n ho e x t r a p o l a t e d to r e a c t o r c o n d i t i o n s . 

• Phys i c n l riinens i n n s ( l ,_ /n j and R p / ' i ; ) l a r g e enough t o t n s t 
t h e t h e o r e t i c a l s c a l i n g l aws f o r a l l k i n d s of known inn t a b i1 i t i n s . 

S t a r t u p in MFTF i s e s s e n t i a l l y t h a t d e v e l o p e d in ?.XltB', i . e . , n f u l l y i o n i z e d , 
l o w - e n e r g y , p l a sma s t r e a m i n j e c t e d a l o n g t l i e m a g n e t i c n x i s forms a t a r g e t f o r 
hitHrUip nf an rnrrRr-tic plitsatt by tutrix i a ft hr-ias of <>nergetic ntxilr.il -tttmn th.it 
a r e i n j e c t e d a c r o s s t h e m a g n e t i c f i e l d . T w e n t y - f o u r 20 -keV, '."v-ms beams l i k e t h o s e 
used in 2XTTB a r e u s e d tn i n j e c t 10D0 A T I T p l a s m a b u i l d u p nn t h e s t r e a m t a r g e t . 
As in 2X1TB, F o l l o w i n g b u i l d u p , wnnn p la sma g e n e r a t e d by i o n i z a t i o n nT gas fed in 
at nne m n g n e l i e mi r r o r w i l l r e p l a c e t h e p l a s m a s t r e a m . The p l a s m a w i l l be f u r t h e r 
h e a t e d and s u s t a i n e d f o r 0 . ^ s by means n t t w e n t y - f o u r 80-keV beams d e l i v p r i n g 7' i 
at mil amperes at t h e p l a s n n . 

The oh j e c t i v e s , o p e r a t i ng s e q u e n c e , s c h e d u l e , and c o s t c o n s t r n i n t , l a r g o !y d e t e p 
MFTF d e s i g n . Tn meet s c h e d u l e , Nb-Ti s u p e r c o n d u c t o r ( r e q u i r i n g a minimum nf d e 
v e l o p m e n t ) i s u s e d tn t h e s t e a d y - s t a l e m a g n e t . T i n s l i m i t s ' h e f i e M at t h e m a i ' - - f 

(n 7 .5 T a n d , t o a c c o m o d a t e a m i r r o r r a t i o of 1 ^ = ? w i t h a d e q u a t e . .aci n i c e s t , 
t h e c e n t r a l f i e l d in l i m i t e d t o 2 . 0 T. The l e n g t h b e t w e e n m i r r o r s ' . is c h o s e n t -i 
p r o v i d e a d i a ' o a t i c c o n f i nement of t h e h i g h - e n e r g y t a i l nf t h e ion n i s i v i b u t i on 
[ s e v e r a l t i m e s T j ) and t o p r o v i d e an a d e q u a t e t e s t of s e a l i ng 1aws fo r t h ° c o n -
v r r t i v e l o s s - c o n e mode. Both r e q u i r e m e n t s depend on l . / a j anil h e n c e on t h e p r o d -
u c t Bl. and on B. The p r e s e n t d e s i g n w i l l a c c o m o d a t e Tj a s g r e a t a s 100 keV, To 
r e a l i z e t h e i n c r e a s e in m e x p e c t e d from h i g h e r v a l u e s of T j , i t i s n e c e s s a r y t o 
f i l l a l a r g e volume c o r r e s p o n d i n g t o l a r g e r R p / a j . t n d e s i g n i n g MFTF, t h e heom 
power was c h o s e n t o p r o v i d e a d e n s i t v and p l a s m a b e t a a t r h e low <rid nf t h e e x p e r i 
m e n t a l r e a c t o r r a n g e and t o i n c r e a s e n i an o r d e r nf m a g n i t u d e beyond t h a t in 2 X t t B . 

The mos t i m p o r t a n t s c i e n t i f i c o b j e c t i v e of MFTF i s a b e t t e r t e s t nf t h e o r e t i c a l 
s c a l i n g l aws fo r m i c r o i n s t a b i 1 i t i ? *. T h r e e t y p e s of i n s t a b i l i t y a r e r e l e v a n t : 

• The DCLC mode, which o c c u r s Tor sma l l R p / a j i 

• The c o n v e c t i v e l o s s - c o n e mode and n e g a t i v e e n e r g v wave , which o c c u r 
fo r l a r g e L / a ; ; and 

• The Alfvrfn ion c y c l o t r o n (ATC) mode, which o c c u r s ,-.i h i g h t w i t h a n 
i s o t r o p i c p r e s s u r e (p. , << p . ) . 

As d i s c u s s e d a b o v e , t h e DCLC mode h a s t e n d e d t o d o m i n a t e in 2XIIB. The beam s y s t e m 
f o r MFTF i s d e s i g n e d t o s u s t a i n a 50-keV mean i o n e n e r g y w i t h £ = 0 . 5 and 
Rp/«"»L = * 5 * Tl i i* r a d i a l d i m e n s i o n , a l t h o u g h b e l o w Lhe t h e o r e t i c a l s t a b i l i t y 
l i m i t f o r t h e BCI.C mode in t h e a b s e n c e of s t a b i l i z e d warm p l z s m a , r e d u c e s t h e r e 
q u i r e d v a l u e o f ~ - W a r n / n h r > t ^V more t h a n an o r d e r of m a g n i t u d e b e l o w t h a t r e 
q u i r e d i n 2X1IB, a l l o w i n g T e t o r i s e t o 1 keV and ( n x ) d r a g t o r i ^ e t o 
l O ^ c r a - ' • s - At T^ = 50 keV, i o n - i o n c o l l i s i o n s l i m i t m t o a p p r o x i m a t e l y 
2 * 1 0 i 2 c m ' ' s , so e n e r g y c o n t a i n m e n t i n MFTF i s d o m i n a t e d by e n e r g y l o s s 
t h r o u g h e l e c t r o n s . S t i l l l a r g e r v a l u e s of; R p / a f can be e x p l o r e d a t t h e 
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s a c r i f i c e of plasma . P l a s m a r a d i i up t o R p / a ; - 10 can be e x p l o r e d fnr 
10 i s , a t Tj - n keV u s i n g o n l y t h e s t a r t u p b e a m s . 

The g r e a t l y weakened DCLC a c t i v i t y in MFTF and t h e l a r g e v a l u e of L / a ; compared 
co 2XTTB s h o u l d p e r m i t a more d e f i n i t i v e s t u d y o f ttv- T t a b i l i t y b o u n d a r i e s f o r t h e 
c o n v e c . r i v e l o s s - c o n e mode t h a n h a s b e e n p o s s i b l e . A l t h o u g h i t was s t r o n g l y s u s 
p e c t e d t h a t t h e c o n v e e t i v c l o s s - c o n e mode dom nate .1 t h e l o w - e n e r g y (quiescent) r u n s 
in o l d 3X11 e x p e r i m e n t s , t h e h i g h - f r e q u e n c y p l a s m a o s c i l l a t i o n s c h a r a c t e r i s t i c o f 

t h i s mode were n e v e r d i r e c t l y i d e n t i f i e d . In MFTF t h e p o s s i b i l i t y of e x p l o r i n g t h e 
c o n v e c t i v e l o s s - c o n e mode i s enhanced o v e r t h a t Tor 2XIT b e c a u s e we can i n c r e a s e 
i t s d r i v e by i n c r e a s i n g L/fl{ and by r e d u c i n g c o m p e t i n g p l a s m a l o s s e s . 

As f o r t h e ATC mode, i n MFTF we s h o u l d be a b l e t o o b s e r v e t h i s mode and decermi n& 
i t s c o n s e q u e n c e s a c c o r d i n g t o p r e s e n t t h e o r e t i c a l p r e d i c t i o n s b a s e d on an i n -
f i n i t e - m e d i u m m o d e l . However , a t t h i s t i m e t h e ATC mode h a s no t b e e n i d e n t i f i e d i n 
2X11ft, a l t h o u g h t h e same t h e o r y p r e d i c t s i t t o o c c u r t h e r e a l s o . The o r i g i n of 
th i s d i s c r epancy i s b r i n g a c t i v e l y i n v e s t i g a t e d , and t h e r e is some u n c e r t a i n tv a s 
t o what b e t a l i m i t a t i o n s m i g h t be e n c o u n t e r e d in MFTF, In any c a s e , t h e c a p a b i l i t y 
in t h e a b s e n c e o f t h e mode t o r e a c h (S = 0 . 5 in MFTF a t R p = 30 cm and t a r g e L 
s h o u l d ti.» a d e q u a t e t o p r o v i d e c o n c l u s i v e d-itn a s t h e o r y d e v e l o p s . 

As n o t f d a b o v e , one o f t h e o b j e c t i v e s of MFTF i s t h e d e v e l o p m e n t of t e c h n o l o g y t h a t 
w i l l p r o v i d e a t r a n s i t i o n from t h e p r e s e n t s m a l l m i r r o r e x p e r i m e n t s to l a r g e 
s t e a d y - ; t a t e d e v i c e s . Spec i f i c a r e a s of c o n c e r n t h a t wi 11 be e x p l o r e d and d e 
v e l o p s in MFTF i n c l u d e : 

• i n t e r a c t i o n of e n e r g e t i c p a r t i c l e s and r a d i a t i o n w i t h vacuum chamber 
wal l s at e n e r g i e s , i n t e n s i t i e s , and t i m e i n t e r v a l s t h a t e x c e e d t h o s e in p r o s e n t 
e x p e r i m e n t s . 

• C o n t r o l and r e l i a b l e o p e r a t i o n of b o t h p u l s e d and c o n t i n u o u s n e u t r a l 
beams t h a t nrs n e c e s s a r y t o s t a r t and s u s t a i n an a p p r e c i a b l e v o ' j f l r of p l a sma a t 
r e a c t o r e n e r g i e s . The c o n t r o l p r o b l e m i s no t o n l y augmented by i n c r e a s e d numbers 
of beams bu t a l s o by t h e i n c r e a s e d c o m p l e x i t y a s s o c i a t e d w i t h h i g h e r - e n e r g y b e a m s . 

• Deve lopmen t of r e l i a b l e , h i g h - c u r r e n t , h i g h - e n e r g y , pu1se<l and 
s t e a d y - s t a t e n e u t r a l S e a m s . 

• D i s p o s a l w i t h l i t t l e ( p r e f e r a b l y no) b a c k s t r e a m i n g of e i t h e r t h e 
i n t e n s e f l ux of p l a s m a p a r t i c l e s e m e r g i n g t h r o u g h t h e m i r r o r s or t h e i n t e n s e f l u x 
of e n e r g e t i c i o n s e m e r g i n g from t h e n e u t r a l i z e s T h e r e a r e s i m i l a r p r o b l e m s fo r 
t h e f r a c t i o n o f t h e n e u t r a l beam t h a t i s n o t i o n i z e d in t h e p l a s m a . 

• Deve lopment o f s t e a d y - s t a t e , h i g h - s p e e d , h i g l i - c a p a c i t y pumping t e c h 
n i q u e s to h a n d l e t h e l a r g e t h r o u g h p u t of g a s i n t h e n e u t r a l b e a m s . 

• Deve lopmen t of r e l i a b l e , l a r g e - s c a l e , c o m p l e x , s u p e r c o n d u c t i n g mag
n e t s . 

CONCLUSIONS 

P l a s m a s n e a r t h e r m o n u c l e a r c o n d i t i o n s h a v e b e e n p r o d u c e d in m a g n e t i c m i r r o r ma
c h i n e s . A number o f concepts and t e c h n o l o g i e s had to be d e v e l o p e d b e f o r e s u c h 
p l a s m a s c o u l d b e p r o d u c e d . I n t h i s p a p e r , we h a v e d e s c r i b e d s e v e r a l ->f t h e f u n d a 
m e n t a l m i r r o r p h y s i c s r e s u l t s t h a t were d e m o n s t r a t e d by t h e LL', 2XIIB e x p e r i m e i . . 
S e v e r a l e x p e r i m e n t s a t o t h e r l a b o r a t o r i e s a r e unde rway t o d e v e l o p f u r t h e r u n d e r 
s t a n d i n g and to d e m o n s t r a t e improved s t a b i l i z a t i o n and c o n f i n e m e n t t e c h n i q u e s . A 
l a r g e r e x p e r i m e n t , MFTF, i s u n d e r c o n s t r u c t i o n a t LLL t o d e m o n s t r a t e 
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