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Abstr-ict: I n i t i a l experimental resul ts from the Tjndi?n Mirror Experiment 

(Til/0 arc presented. Axial profiles ol the plasma density and potent ia l 

necessary for e l ec t ros ta t i ca l ly enhanced confinement of the cent ra l -ce l l ions 

have bepn generated and Sustained for the duration of neutral-beam inject ion. 

The resul t ing cent ra l -ce l l ion confinement against axial loss is improved by a 

factor ,-s large as 9 above that given by magnetic confinement alone. The 

plasma exhibits gross magnetohydrodynamic s t a b i l i t y and microstabi l i t y. Under 

sc.ie conditions, a residual level of ion cyclotron fluctuations in the end 

col ls heats the cent ra l -ce l l ions and degrades their confinement. 

1. Introduction 

The Tandem Mirror Experiment (TMX) at Lawrence Lwermori Laboratory (LLL) 

was designed to test the principle that an axial e l ec t ros t a t i c well could 

be created in a linear mirror experiment wiich would s ignif icant ly improve the 

axial confinement of the ions in that well above that provided by a magnetic 

mirror alone. This "tandem mirror" concept was proposed independently by 

'' 3 
Dimov"" and Fowler and Logan. In the devices proposed by ct~o.se authors, a 

high-density plasma is sustained in a minimum-B magnetic well at each end of a 

'-'Work performed under the auspices of the U. S, Department of Energy by the 
Lawrence Livermore Laboratory under contract number W-7'»05-ENG-48. 
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lower density, solenoidal, ceotral-cell plasma (Fig. 1). Due to i ts higher 

density, the plasma in the raitiiwum-S mirror rises to a higher ambipolar poten

t ia l than that of the central cel l . In this fashion, a potential well of depth 

* = 1 in <-£) T c e n 
c 

(l) 

forms, where T is tne electron temperature, n is the density in the 

tainismim-8 mirror, and n is the density in the central cel l . These end cell c J 

plasmas ("plugs") are also necessary to provide pressure-weighted, average 

mtnimum-B stabil i ty to the tandem device. 

_ / ^ 
Low field solenoid 

Minimum 
end cells 

Fig. 1. Tandem mirrors with 
ambipolar barriers at the 
ends. 

Early experiments in the Gamma-6 device at Tsukuba* used streaming-

plasma guns to establish plugs with densities larger than those in tha central 

cell 3nd, thereby, to produce a potential well. Langauiir probe measuramsnts 

indicated that the magnitude and scaling of the potential-trail depth ware con

sistent with theoretical predictions. 

2. The TMX Device 

TMX is shown scheaatically in Fig. 2. the vacuum chamber is 14 a long 

and 4.3 m in diameter. The vacuum is maintained by mercury charged" diffusion 

pumps. For experiments, the pumping is' augmented by sublimating layers of 
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fresh titanium onto the walls and by filling baffles with liquid nitrogen. 

Nominal operating pressure is 2 x 10 Torr. 

C M cod 

SoltnoW coil* 

Octupoli coi. 

Ptatma llm tubi 

Fig. 2. The tandem 
mirror device: TMX. 

Naulnl bum 
Injtcloii 

The magnetic field is created by 18 water-cooled, quasi-dc (2- to 3-s 

duration) magnets. During the shot the currents in the coi ls are held con

stant by s i l icone-control led-rect i f ier-switched power suppl ies . For the bulk 

of the data reported here, the plugs had a minimum field strength of 1.0 T 

with a 2:1 mirror r a t i o . The cent ra l -ca l l magnetic field was 0.1 T. 

A to ta l of 24 neutral beams is available for heating and fueling the end 

plugs. Nominally, 23 beams are d is t r ibuted between the two plugs and one beam 

is used in the central cel l for diagnostic purposes. Peak neutral-beam cur

rents in excess of 200 equivalent atomic amperes pr?r plug iisve be<?n injected 

with an average accelerating voltage of 17 keV and a mean energy per atom of 

13 keV. This corresponds to an injected power of 2.6 MW per plug. Of t h i s , 

approximately 400 k'W has been trapped in the «nd plugs. 

The central ce l l of TMX is fueled by gaa introduced on the plasna 

periphery ei ther by gas boxes at each end of the central cel l or by a puffer 
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valve at the midplane o£ the central c e l l . The diagnostic neutral beam is 

aimed so that energetic par t ic les from the beam are not trapped in t'ne plasma. 

3 , Plasma Parameters and Elec t ros ta t ic Confinement 

The plasmas in TMX are generated as follows: the magnetic fields are 

sequenced on; then when the fields have reached a s teady-state level , four 

s tar tup plasma guns (Fig. 2) are fired for 5 ms to provide an i n i t i a l target 

for t.ie neutral beai'S. At this time, the beams are turned on and plasma 

begins to build up Li the plugs. Approximately half way through the pulzi irom 

the streaming-plasma gun, gas is introduced into the central ce l l to create 

the cen t ra l -ce l l plasma. At the time the gun is turned off, the cent ra l -ce l l 

plasma is well established and the loss-cone modes in the plugs are maintained 

at a marginally s table s ta te by the warm plasma stream from the central c e l l . 

The plugs arc sustained in th is fashion for the duration of the neutral-beam 

pulse. 

Table 1 presents maximum ( i . e . , not a l l from the same shot) plasma 

parameters and those for a typical shot . For comparison, the resu l t s from a 

se l f -consis tent , c l a s s i ca l , point model code for axial power balance, TAMKAC,' 

is shown for this shot , A factor of two agreement is obtained. 

In Fig. 3(a) a sample axial density prof i le is shown. According to 

Eq. (1) the measured density ra t io oE factor three between the central ce l l 

and the plug with an electron temperature (in this shot) of 100 eV gives r ise 

to a confining potent ia l well depth of approximately 100 eV. The cen t ra l -ce l l 

potent ia l as Pleasured by a heavy-ion-b3-3m probe (H13P) and the plus potential 

as determined Erom the energy spectrum of end-loss ions are shown in Fig. 3(b). 

Within the errors in the measurements, the well depth is 100 to 300 eV. 

I t is the existence of this potential well that enhances the confinement 

of the cent ra l -ce l l ions above that which would be achieved simply by flow-

through magnetic mirrors alone. Mathematically, this relat ionship can bs 

expressed as 



TABLE I . tajii-aii-B T.t.V pttiseztni j n J evsp.iri (Jit c£ VJI - J I - I ^ C i i n e d vn * 
shoe w i t h ch.-oi- j r ^ l u t f r t bv t lw TinJtm K.it* CoJ* ( fAJLUt l . 

m 
3 

S!i. '. V) I V 'ti ;J> 

Por.i^L'r 
m 

3 J.U.. c liuL ttiuri* 

n p l l ' l n B.-1) 4 ;.', -
W * ' " ! > e 1 0 .1 -
t « , , c ' " 3&0 r.o LPS 

„ c < i » " „ - i , J 1.0 1.7 

T i c ( " v l :si) i : 34 

! ( (V) luo ; i l-l'i u»J 

n' c( I0' - 1 t r 1 - . ' 1.1 1,1 

, , , / r . , " ?.^ . . 1 

1 
^ ._„ 

3IVi.r-*-i.,m; * i * ! . y <; K(, • U.I 1. 

\^m\\. lr,;,-i H W ] - j , 1-..I j , , . ^ ; ' ^ , , |-lu.. , )J I .'t. 

rCiirii-:U d e n s i t y i - k - r i - t i t . ^ \" <T"I-|i 1 u,; m ipl j i i i - . 

• I T , l.i r , , / , i , m . M i m i u l i l i : . I I I J I W I I - L 

v.im nij-'icuin* mL'i [lip (vnrul : « n . 

'« '•' V 

21) • 

a 10 

0 b - - ^ - T — . , A l _ . . _ 

0 100 N 200 

IDODr nj 

I- End loss analyse" 

J--V 
* II 

o 

X 
if: ^ 200 300 

Z, cni 

Fig. 3 (a) . Measured axial 
density p ro f i l e . 

Fig. 3(b) . Measured axial 
potent ia l prof i le exhibiting 
potent ial well. 

(JIT) = (nip + nr H ) exp (eij> /k1\ ) , (2) 

where 

n L R 
c c c 

T ? (8kT. hH.)Vl 

i c i 

(3) 

n T H = " T i i « ( R

c ' ' 2 ) < e ^ c / k T i c ) (4) 

In these expressions, kT. is the temperature of the cent ra l -ce l l ions , and 

e> is the confining e l ec t ro s t a t i c potent ia l . The cen t ra l -ce l l mirror ra t io is 

R = 20, anJ «. is the ion mass. The ion-ion 90 scat ter ing time is " . . . 
c i u 
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and g (R) = A (2R+1)(4R) In (4R+2). By including both terras (nt„ and 

ni ) , Eq. (2) correctly models end losses in both co l l i s iona l and col l i s ionless 

regimes. 

Experimentally, we determine the axial confinement parameter of the 

cen t ra l -ce l l ions from the measured cen t ra l -ce l l density and end losses according 

to 

(tiT) = e n 1 L / ] , (5) 
c c c c 

where n is the centra l -cel l density, j is the end-loss current density, 

and L is the equivalent cyl indr ical length of the central cell (314 cm). 

By using the experimentally neasured parameters to evaluate Eq. (3) and (5) we 

can determine the e l ec t ros ta t i c enhancement factor IIT /nf_ (Fig. 4) during the 

steady-state phase of Operation. As noted in Table 1, enhancement factors as 

large as 9 have been measured. 

In addition, we can obtain direct evidence (Fig. 4) of the plugging 

efficiency when we turn off the neutral beams in one of the plugs. The plug 

without neutral-beam inject ion decays on a time scale of a few milliseconds. 

The cen t ra l -ce l l ions are then confined only by the magnetic mirror on that 

end of TMX, The r a t io of the end-loss current out the unstoppered end to that 

out the plugged end is a measure of the plugging efficiency of the end with 

neutral-beam inject ion. 

4. I n s t ab i l i t y Measurements 

As noted ea r l i e r , TMX exhibi ts gross magnetohydrodynamic (>!HD) s t a b i l i t y 

and micros tab i l i ty . However, a residual level of plug ion cyclotron 

f luctuations pe r s i s t s , not only in the plugs but also in the central c e l l . 

The presence oE the plug osc i l l a t ions in the central ce l l appears to lead fo 

heating of some of the ions, which degrades their confinement. By r?jonant 

in terac t ion with the ion cyclotron f luctuat ions, these ions gain energy 
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Fig. 4. Evidence of e l ec t ro s t a t i c plugging in TMX. The subscripts E and W 
refer to the east .md west end plugs, respectively. 

greater than the finfining potent ia l . They are then lost by pitch-angle 

scat ter ing into the loss region of phase space. 

Monte Carlo coda modeling of the i n s t ab i l i t y interact ion as a resonant 

heating process occurring where the field strength in the cen t ra l -ce l l 

t rans i t ion region is equal to the roinicmm field strength in the plug shows 

that the t a i l of the cen t ra l -ce l l ion energy d i s t r ibu t ion is heated (Fig. 5 ) . 

The Monte Carlo code also shows qual i ta t ive agreement with the experimental 

rss ' i l t that n-arly c lass ica l o ;n t r a l - ce ' l axial confinement is niaasured tor 

low i n s t a b i l i t y levels ( r f ) but that a degradation of the confinement occurs 

at high fluctuation amplitudes. We are presently invest igat ing the hypothssis 

that the plug i n s t a b i l i t y a r i ses because the flow of plasma stream from the 

central ce l l through the plugs is insuf f ic ien t . The i n s t a b i l i t y level, there

fore, incr'i.isca to increase the available streuQ of plasmi, 
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CentercHI ft probe - V,pp 

i. Measured confinement 
time if near classical 
at low rf, degrades 
with higher rf. r r „„_ 

stream for d r i f t -
cyclotron loss-cone 
(DC^C) mode. 

Fig. 5. Comparison between measured and calculated cent ra l -ce l l 
confinement time, $ c held constant. 

5, Conclusion 

During the i n i t i a l Optration o£ TMX, we have established and maintained 

in e q u i l i b r i a axial density and potent ial profi les that lead to the enhanced 

axial confinement of the cent ra l -ce l l ions. 
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