
<r 

IK'RI.- 87!25 
UCRL--C7125 
DEB2 008201 COW f'ZZbblt- ~$ 

NATURE AND EFFECTS OF ION-CVCLOTRON 
FLUCTUATIONS IN THX 

wsm 
T. A. Casper 
P. Poulsen 

G. R. Smith 

This paper was prepared for submittal to the 
proceedings of the 1982 International Confer
ence on Plasma Physics, June 9-15, 1982, in 
Goteborg, Sweden. 

February 19, 1982 

Ihis h a preprint nf a piper intended for publication in a jnurntl or prmwdiftj*. Since 
change* muy br made before publication. this preprint is made gullible with the un
derstanding that i( Kill nut hv tiled or repnukiced »itrraut the pcrmKsinn (if the authnr. 

IMWUTIOK or THIS mcu«tt is M U M E ! 
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Abstract: In the tandem mirror experiment (TMX), coherent oscillations have 

been identified as resulting from the Alfvgn ion-cyclotron instability. Al

though the drive for this instability is localized in the end cell, the waves 

generated propagate out of the unstable region and interact with the central-

cell ions. This interaction leads to an experimentally observed scaling of 

the storeo eno-cell energy with axial ion end-loss current. 

Measurements of potential and magnetic-field fluctuations in the TMX 

end cells indicate the presence of unstable oscillations having wave char-
2 

acteristics representative of the Alfve"n ion-cyclotron instability. This in
stability is driven by the beta (6, the ratio of kinetic to magnetic field 
pressures) and anisotropy (E./E , the ratio of energies perpendicular and 
parallel to the magnetic field) of the hot (*1Q keV), mirror-confined cna-cell 
tuns created by neutral beam injection. The drift-cyclotron loss-cone (OCLC) 
mode, however, is driven by the absence of low-perpendicular-velocity ions in 
the mirror-confineo Distribution (velocity-space loss-cone). Since the DCLC 
instability had been previously identified in earlier single-mirror-cell ex-
puriments, such as in 2X1 IB , TMX was designed to supply warm ions from 
central-cell losses sufficient to stabilize the DCLC instability by filling 
the loss cone. The presence of AIC and its stability requirements leads to a 
scaling of performance for TMX operation that is fundamentally different from 
that obtained for the apparently stabilized DCLC-mooe. 

Fluctuation measurements indicating the presence of the AIC instability 

are summarized here. Using a spatial array of probes located in the TMX end 
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cell at the plasma edge, we observed coherent potential fluctuations. From 
the amplitude spectra, we find a spectral peak near f„ •- 6.6 MHz. Depending 
upon experimental conditions, the oscillation occurs at frequencies in the 
range of 5% to 10% below the 8-depressed ion cyclotron frequency of the 
rciniroum magnetic field. The relative phase i|i(f0) = k(ffl)Ar between the po
tential fluctuations recorded by probes spatially separated in the azimuthal 
direction measures the wave number kfl = m/r where m is the azimuthal mode 

9 P 
number, r is the radial position of the probe, and Ar is the spatial separ
ation between probe tips. From this we obtain mode number estimates of I 

to 6. Negative phase shifts indicating waves propagating in the electron 
diamagnetic direction ^r& often observed. Finally, measuring magnetic field 
fluctuations with loop probes, we observe the mode to be polarized in the 
direction of ion gyration as indicated by the rotation of the perpendicular 
magnetic-field vector. The polarization is elliptical with the radial, B 
and azimutal, B n, magnetic field components out of phase by approximately 65° 

0 

ds determined both by the polarization ellipse end by phase spectral measure
ments of b. versus B„ at f Q. The axial magnetic-field fluctuations are more 
than an order of magnitude less than either B and b_. These characteristics 

r 0 
are all consistent with an Alfven-like wave generated by the AIC instability. 
Small m, propagation in the electron dianiagnetic direction, and left polar
ization are inconsistent with properties of the DCLC mode. 

Even though the drive for this mode is localized to the hot-ion distri
bution in the end cell, the instability-generated wave is free to propagate 
throughout the tandem mirror system. We observe this by the tracking of mode 

4 frequencies in the different cells. Measurement of the wave phase spectra 
indicates the mode number can vary drastically upon propagation into the 
different regions. This is evidence for the nonlinear mode conversion in the 
region of high ellipticity of plasma cross section. The presence of unstable 
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Alfve'n oscillations that propagate out of the end-cell region and alter their 

mode characteristics can affect TMX operation by their interaction with 

central-cell ions and enhancement of axial ion losses. 
2 We observed the measured end-cell diamagnetism M (amp«m ) to vary unique-

_2 ly with end-loss current density J (aiip'cm ). This data encompasses a wide 
range of TMX operation including both high (175 eV) and low (60 eV) electron 

temperatures plus variations in neutral beam current (power input) and gas 

fueling methods. To a good approximation, it can be fit by a quadratic 

J = a + bM + cN Z where a = - 0.06, b = 2.39 x 10" 3, and c = 4.21 x 10" 7. The 

end-cell oiamagnetisin is a measure of the total perpendicular (ion) kinetic 

pressure in the end cell, M = V (hT..) /B = (BV /2|J 0) B , where V is the 

volume of the ena-cel 1 plasma, E. is the perpendicular ion energy, and 

b. - nTT./(B /2u r) is the perpendicular beta. Since the magnetic field is 

held constant and the plasma volume remained essentially constant, the dia-

magnetism is proportional to the perpendicular ion beta. Thus, experimental 

evidence indicates a variation of 0. with end-loss current density over 

virtually all TMX operating regimes and together they dictate end-cell 

performance in ThX. 

Noting that MIC stability is determined by 8. a n ( ) 3,, (alternatively 8 

and anisotropy t /L ) we mouel the end-loss current J as a function of S. 

in an effort to predict stabilization due to the enhanced central-cell losses. 

We assume the total 6,. to be achieved by a combination of the hot-icn 

parallel energy limited by beam injection geometry diluted by the parallel 

energy due to the warm, isotropic central-cell losses. Using this empirical 

model and the B, versus J scaling we find the TMX experiment lies near the 

convective-absolute stability boundaries for the A1C mode. Utilizing an 
infinite-medium theory the stabilizing effects of warm ions appears to be 

kinetic (i.e., cyclotron damping) rather than a dilution of the hot-ion 
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anisotropy. However, a much larger warn ion density, perhaps greater by an 
order of magnitude, was required by this simple theory over that present in 
TMX. The source of the discrepancy is presently unknown. 

Summary: The end-cell plasmas are most unstable to the AIC instability 
due to the large anisotropy of the hot, neutral-beam supported ions. This 
implies that only a specific beta and anisotropy can be supported. An experi
mental measure of this hvel is evidenced by the amount of diamegnetism that 
can be supported at a given anisotropy consistent with a supplied amount of 
end-loss current. The instability generated wave propagates out of the 
unstable region and interacts with the central-cell population. The central-
cell confinement, enhanced in TMX by ambipolar well formation, is reduced by 
the rf pumping out central-cell ions. Marginal stability in the end cell is 
reached when the ion anisotropy is sufficiently diluted by the rf interaction. 
This work indicates the importance of spreading the angle of neutral-beam 
injection to reauce the anisotropy drive of the AIC mode. 
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