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Abstract: The tandem mirror device (TMX) exhibits gross stability to both MHD 

and taicroinst ability modes. The end-cell plasmas provide the tandem with 

average minimum-B stabili;y, while the efflux of plasma from the central cell 

maintains the end cells (plugs) at marginal stability to loss cone modes. For 

some operating conditions, a residual level of plug ion cyclotron fluctuations 

is detected. These oscillations dominate the fluctuation frequency spectra ir, 

both the plugs and the central cell. The presence of plug ion cyclotron 

fluctuations in the central cell leads to resonance heating of some of the 

central cell ions. This heating degrades the confinement of the central cell 

ions; thereby increasing the amount of warm plasma stream flowing through the 

plugs. 

1. Introduction 

In the tandem mirror device (TMX), a large volume of plasma is confined 

in a solenoidal magnetic field (central cell) between two minimum-B magnetic 

mirror machines (Fig. 1). The plasma in the minimum-B mirrors performs two 

important functions. Since the plasma density in the rainimum-B mirrors is 

greater (nominal factor 3) than that of the central cell plasma, the plasma in 

the end mirrors rises to a plasma potential which is more positive than the 
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fFIG. 1. The Tandem Mirror Experiment (TMX). 

potential of the central cell, thereby creating an electrostatic well which 

augments the confinement of the central cell ions. For this reason, these 

minimum-B mirrors are referred to as end plugs. In addition to the 

electrostatic plugging effect, the plug plasmas {due to their absolute 

minimum-B magnetic field geometry) provide pressure weighted, average 

minimum-B stability to the tandem system. This is necessary to avoid MUD 

instability. 

The confinement of the centra), cell ions is improved by the electrostatic 

well which is established between the two end plugs. However, the central 

cell ions eventually gain sufficient energy to escape over the electrostatic 

barriers. These ions then pass through the end plugs and serve as a source of 

warm plasma which partially fills the loss cones of the plugs. The presence 

of this warm plasma stream maintains the plugs at marginal stability to loss 

cone modes. 

2. Summary of Possible Instabilities in TMX 

The two different plasma regions of TMX—the plugs and central cell—can 

be unstable to different classes of instabilities. Because of the absolute 



miniraun-B geometry of the plugs, they are stable to MHD ins tabi l i t ies . The 

end plug non-Maxwellian distribution of ion energies, however, provides a free 

energy source that can drive microinstabilitias- Chief among these, for the 

TMX plug parameters, are the drift-cyclotron, loss-cone mode (DCLC), the 

ion-bounce mode, Che axial loss cone mode (ALC), and the Alfven ion cyclotron 

(AIC) mode . On the basis of 2XIIB experience, the DCLC mode is expected to 

be the dominant instabil i ty in the plugs. TMX was designed so that axial 

losses from the center cell could supply the quasi-linear stream requirements 

of the plugs necessary for stabil i ty Co the DCLC mode. The ion-bounce mode is 

not as affected by stream and may evolve as the dominant instability in the 

plugs, if the DCLC mode is stabilized. The theory for this mode in TMX is 

s t i l l evolving. The last two inst«oil i t ies ate r.ot believed to be important 

in TMX (the ALC mode because it requires a plasma longer than the TMX plug 

plasma, and the AIC mode because it was not observed in the 2XIIB device under 

similar operating conditions). 

The center-cell plasma is stable to velocity-space-driven ins tabi l i t ies , 

in the absence of center cell heating beams. Table 1 summarizes those modes 

that can be unstable in the TMX center cell.' The interchange modes are 

sensitive to the magnatic-fie Id geometry, while the drift waves are driven by 

the radial gradient in the plasma pressure. 

3. Instabili ty Diagnostics 

The primary diagnostics used to study plasma fluctuations during the 

in i t ia l operation of TMX are shown in Fig. 2a. High impedance, electrostatic 

probes are used at the boundary of the plasma to measure the oscillations of 

the plasma floating potential. The probe in the east plug is at a radius, r = 

30 cm whereas the probe in the center cell is mounted at a radius which maps 

back to r = 13 cm in the plugs for B = 0.1T. The forward scattering of 2 

mm microwaves measures the line averaged density fluctuations at the midplane 
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Table 1. Possible Center Cell Instabilities 

Wave 
Type Frequency . f number Comment 

• MHD interchange 5 •• 40 kHz - k | / > , , f 1 

•Ballooning interchange 
Local curvature 5 • 40 kHi" k j P j -̂  1 ^10.31,0 .751 
E*.«. B rotation 5 - 4 0 Wr' k.it, 4 1 | I C =, 0.28 

• Low-frequency ( ->20kHz •• 200 kHz k ,p , ' ' ' : k i <- ir/Lc 

drift waves 

• Drift-cyclotron 380 kHi -1.5 HH? V , - ' u - N ^ t t i 

• Two component 380 kH* - 1 . 5 M H J kjp" < 1 u>N% 
Requires neutral 

beam heating 

• Lower hybrid dn<t 1 0 - 2 0 I U H * kjp = - 1 

Positive frequency implies propagation in the ion diamagnetir direction 

"Frequency approximately equal to trie E X 3 drift frequency 

of the center ce l l . Qualitative agreement is found between the center cell 

potential and density fluctuation measurements. 

The signals from these diagnostics are amplified (bandwidth 3 kHz - 300 

MHz) before they are analyzed. Each signal is fed into a peak envelope 

detector so that the power in the fluctuations can be measured as a function 

of time. This signal is sampled every 10 microseconds for the duration of the 

plasma. A shorter time record of each of the signals is also stored in faster 

transient recorders which allow us to frequency analyze the recorded signals 

from 3 kHz to 25 MHa. A Nyquest f i l ter is inserted before the input to the 

transient recorders so aliasing does not occur. Typical frequency spectrum 

(power spectral density) from these measurements are shown in Fig. 2b, The 

frequency spectrum data from the center-cell plasma sometimes shows a low 

frequency, broadband, turbulent spectrum. The source of this turbulence has 

not been identified. Under most operating conditions, however, the frequency 

spectra in both the plugs and the center-cell are dominated by highly coherent 

oscillations appearing at the plug(s) ion cyclotron frequency(s) corresponding 

to the magnetic field minimum in thf plugs (nominally 1.0 T). 
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FIG. 2, Sample frequency spectra from some of the TMX instability diagnostics. 

&. Effects of Plug Ion Cyclotron Fluctuations on the Central Cell Ions 

The propogation of the plug ion cyclotron waves into the central cell 

gives rise to ion cyclotron resonance heating of those central cell ions which 

pass through the resonance zones. These zones exist at the points in the 

central cell where the magnetic field is equal to the minimum field in the end 

plugs (Fig. 2). For the data shown in Fig. 3, TMX was operated with lower 

neutral beam current injected into the West plug than the East plug. The 

resulting plasma density in the West plug was lower than that in the East. 

Under these conditions, the ion cyclotron oscillations in the central cell 



6 

Ui 
" 0) 1» 
•- > a 
c^- > 
O 

40 
30 -

20 -

10 

III 

jk^-^ 

0 10 
Time, ms 

1.8X 10' 3 cm~ 3 

T , = 6 7 B V 

~I r 

J L 
1 <-

13 n m - 3 nc = 1.7X 10 u cm 

\ = 28 eV 
East neutral 
beams off 

FIG. 3. Time history of the plasma 
fluctuation level and the central 
cell ion temperature when the most 
unstable plug is turned off. 

were primarily from the East plug. When the East neutral beams were shut off, 

these oscillations rapidly went away in both the East plug and in the central 

cell. The central cell ion temperature, as measured by the plasma 

diamagnetism, decreased when the fluctuation level decreased, When the West 

neutral beans were turned off early instead of the East, the fluctuation level 

remained nearly constant and so did the central cell ion temperature. 

The process of local resonant heating of the central cell ions has been 

modeled in Monte Carlo code calculations (Fig. 4). The results of this 

analysis show that the tail of the ion distribution is heated as the ions pass 

through the resonance zone. These ions gain energy greater than the 

electrostatic confining potential. Pitch-angle scattering into the loss 

region of velocity space then causes them to be lost along field lines. This 

is in agreement with the experimental observation that enhanced axial plasma 

losses accompany increased fluctuation levels. 
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FIG. 4. Comparison between measured and calculated central cell confinement 
time, 4>c held constant. 

The code also qualitatively predicts the experimentally determined 

scaling of ' (Fig. A). At low fluctuation levels the measured confinement 

time is nearly classical, however, as the instability amplitude increases, the 

axial confinement is significantly degraded. 

5. Quasi-Linear Scaling in TUX 

After the start-up plasma guns (Fig. 1) are turned off, the plasma in the 

plugs remains in a marginally stable state to loss cone modes. In TMX there 

are two sources of warm plasma stream that makes this possible: the neutral 

beam current trapped by ionization (I,f.) and the efflux of plasma from 

the central cell. Vitien the central cell is' fueled at high gas feed rates, the 



central cell contribution to the stream is cold and is, therefore, not 

effective in stabilizing the plugs. Analysis of the data obtained in this 

mode of operation shows that the stream requirements of the plugs U n l ) is 

met by the trapped neutral beam current alone (Fig. 5). This mode of 

operation is characterized by low electrons temperatures and is, therefore, 

uninteresting. 

When the central cell is fueled at moderate gas feed rates, however, the 

stream from the central cell is warmer and is, therefore, more efficient at 

stabilizing the plugs. With this additional stream source, the electron 

temperature is characteristically much higher (Fig. 5) and I„, > I, f,, 
(JL b 1 

When TMX is operated in this second mode, the plug ion cy;lotron 

fluctuation level is low so long as there is an adequate supply of warm plasma 

stream. Under these conditions nearly classical central cell ion confinement 

is observed. However, if the plasma parameters are changed so that the 

available stream is .nsufficient, the plug fluctuation level grows until the 
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FIG. 5. At moderate gas ftitl'ng rates the TMX control cell stabilizes the end 
plugs. 
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central cell ion confinement is degraded. This increases the supply of st 

to the plugs so that they are maintained at marginal stability. 

6. Conclusions 

TMX exhibits gross MHD and microstability. Under certain operating 

conditions, a residual level of plug ion cyclotron fluctuations is detected in 

both the plugs and the central cell. The amplitude of these fluctuations is 

related to the availability of warm plasma stream. If the amount of warm 

plasma stream in the plugs is insufficient, the fluctuation level increases 

and degrades the central cell ion confinement from the nearly classical value 

which is measured at low fluctuation levels. The reduced confinement of the 

central cell ions increases the amount of stream in the plugs so that they are 

maintained in a marginally stable state. The presence of the plug driven 

fluctuations does not prevent us from achieving electrostatic end plugging, 

but ic does make it more difficult to ascertain the effects of parametric 

variations on electrostatic enhanced confinement. 

7. References 

1. I . D. Pearlstein et a l . , Lawrence Livermore Laboratory Report, 

UC1D-18496, IV-109 (Jan. 1980) Part 2. 

NOTK'I 

TIIK icpoit w:i\ |iif|'.iH() J 1. .in aivounl tit work .piMHnu'd In' iln- I. nili-d 
Slate* (Micrnniffl:. Seiili-;t ilir I'mk-d Si.iic> ar: i K I'nii.-.l S(.iu> 
Department ol Inetcy. nut jny ut then empiouvv n.'t jn j ul tli.'ti 
conltJi-liiK. Mibi-iiiiiiai'id^. ,ir llicn cmplnn-o . Nuki-N am rataim. 
cxnrc" ur implied. <u . n » ' » a:!) ka\ lulnlili IT lo |v i - i l ' i l i l \ ii'i :lu-
accutae). cellipleii'MO' "I IIU-IUIIK-SS el .in> ml ••m,i!i<"i, appatal'av 
pruduel ••>: |Hu> e^ dhjost 'd >': lepieM'n:* 1I1.1! lb u ^ w. utd II.M 111!i:::Li' 
pnvjk'iy-iiuilH IliliK 

1 Reference ii- .1 umipj iu w nwduei name <U'- nut u r n * wimu. i l »i 
IiKoinineniianiin nl tin' prndiM l>> Ihr UmuTMIi "I CaliViina 111 tin l ' S . 
Uepa.-'meil! el I ni"|!) In 111'' eulaMi'll ol ullli'h tlul IIIJI I'e Mllljl-I.-

BS/sc 

http://wimu.il

