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Excitation and Control of the Rayleigh-Taylor Instability in a Plasma
with a Curved Magnetic Field
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The H, ayleigh-Taylor instability is generated in a plasma flowing along a curved mag-
netic field. The instability, which appears only in the bad-curvature region of the mag-
netic field, is controlled by changing the Qow speed and Larmor radius of the ions. A

drastic suppression of the instability is observed in the presence of weak magnetic shear.

It is of current interest to investigate plasma
instabilities in a toroidal device. The Rayleigh-
Taylor instability is one of the fundamental in-
stabilities in such a device, because an effective
gravitation is provided by the curved magnetic
field. ' To our knowledge, however, no clear-
cut experiment on this instability has been pub-
lished, although some related experiments were
performed in plasmas of different geometries, '
i.e., a mirror-confined plasma and a 6I -pinch
plasma. O'Angelo e~ 4. observed some instabil-
ities in a Q-machine plasma with a variable mag-
netic field curvature. But, it is difficult to re-
late their result to the Rayleigh-Taylor instabil-
ity, although the result was discussed theoretical-
ly by Chen. ' Here we report an experiment per-
formed in a plasma with curved magnetic field
and helical winding, designed to investigate the
Bayleigh-Taylor instability. The steady-state
plasma is produced by surface ionization in a
single-ended Q machine. ' The plasma is in equil-
ibrium, i.e. , the electric field induced by the
curvature drift is canceled out by the short-cir-
cuit path through the hot plate. ' Plasma param-
eters are easily changed to control the instability.

The experimental apparatus is shown in Fig. 1.
The vacuum chamber (diameter =4.8 cm) con-
sists of a straight part (60 cm) and a curved part
(major radius R =60 cm, angle of arc =140 deg).
The curved magnetic field B of up to 2.5 ko is
produced along the chamber. The helical con-
ductors with pitch of 31.4 cm and minor radius
of 3.5 cm are wound around the chamber to form
an l = 2 helical winding, producing weak magnetic
shear. The inverse of the shear length, L, '
= (dt/dr)/(2~R/r) , ((is the rota. tional transform)
is variable, for example, from 0 to 2.4x10 '
cm ' (at the radial edge of the plasma) for B
=2.25 kG. The collisionless potassium plasma
(diameter =2.0 cm, density n, =10'-10' cm '),
produced under an electron-rich condition, is
terminated at a movable 4.5-cm-diam end plate
biased negatively. Thus, ions are accelerated
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FIG. 1. (a) Schematic of experimental apparatus.
(b) So-called "good region" and "bad region" of a plas-
ma under a simply curved magnetic field: They stand
for the regions where the lines of force are concave
and convex, respectively, as seen from the plasma.

by the electron sheath in front of the hot plate'
and flow along B toward the end plate. The flow
speed V, is controlled by changing the sheath
which depends on the potassium feed and the hot-
plate temperature &(=2000-2500'K). The elec-
tron temperature &, is nearly equal to &. The
ion temperature perpendicular to B, &;&, can
also be approximated by & although the ion tem-
perature parallel to B is smaller than T because
of the sheath acceleration. "The background
gas pressure is kept less than 3&10 ' Torr.
Three Langmuir probes (1&& 1 mm') I'„ I'» and

JP3 are used to measure the plasma parameters
and their Quctuations.

Initially, the end plate is situated at the en-
trance of the curved part in order to determine
the properties of the plasma for the uniform,
straight magnetic field. The ion-current fluctua-
tions displayed on a spectrum analyzer show that
a drift wave (DW) of 5.9 kHz is excited spontan-
eously. ' Then, by moving the end plate along the
curved part of the tube, the plasma is guided in-
to the curved magnetic field with no shear. The
fluctuations measured by I'„ I'„and I'3 have
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another peak around 7.4 kHz in addition to the
DW mentioned above. As shown in Fig. 2, this
instability appears only in the bad-curvature re-
tion (see Fig. 1) of the magnetic field. The per-
centage fluctuation n/n, is about 10' at the posi-
tion of the peak amplitude. There is a phase dif-
ference of about 180 deg between the fluctuations
of density and potential. The instability propa-
gates azimuthally, with the mode m =4, in the
direction of electron diamagnetic drift which co-
incides with that of E,&& 8 drift (E, is the steady
radial electric field) in our experiment. The ax-
ial phase change is not observed and thus the par-
allel wave number k, =0 («1/&, & being the
plasma length). Similar properties were report-
ed previously by us on the instability observed at
much higher frequency (=50 kHz). " They were
well explained by effects of magnetic field curva-
ture on a transverse Kelvin-Helmholtz (KH) in-
stability. The instability described here, how-

ever, appears only when the magnetic field is
curved~ in contrast to the KH instability driven
by the E,&&B plasma rotation with velocity shear,
which should appear even under a uniform,
straight magnetic field. All features of this new

instability are quite reasonable for the Rayleigh-
Taylor (RT) instability. In this work, the KH

instability is not expected to grow, because its
instability condition is not satisfied for our val-
ues of E, and dE, /dr (see Fig. 2) which are much
smaller than those in Ref. 10.

Since the effective gravitation is due to the
plasma (ion) flow along the curved magnetic field,
it is important to measure the dependence of the
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instability on V,. The result is shown in Fig.
3(a), where a charge-exchange method is adopted
to measure V,." With an increase in V„ the
peak amplitude around 7.4 kHz increases, being
consistent with the prediction for the RT insta-
bility. Figure 3(b) shows the dependence on B.
The instability appears for B ~ 1.75 kG. The am-
plitude increases with an increases with an in-
crease in B. This dependence will be explained
later by the effect of finite ion Larmor radius on
the RT instability. The interesting result is the
dependence of the instability on the shear field.
As shown in Fig. 3(c), the amplitude of the RT in-
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FIG. 2. Radial profiles of perturbed density n of the
RT and the DW, measured by the probe P2, together
with the plasma potential yo and density n 0.
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FIG. 3. Dependence of frequency spectra on (a) plas-
ma Qow speed Vo at B = 2.25kG and L, '=0, (b) mag-
netic field ii at Va = 1.57 && 105 cm/sec and L, ' = 0, and
(c) magnetic shear length L, at Vo= 1.57&& 105 cm/sec
and B = 2.25 kG, measured by the probe P2 in the bad
region. Corresponding growth rates given by Eq. (5)
are shown by the solid lines, together with the meas-
ured values of squared amplitudes (circles), in (d)-(f).
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stability is sensitive to the magnetic shear even
at small values of I-, ', and decreases as L, '
is increased. This suppression is expected: Mag-
netic shear results in k, & 0, and electrons mov-
ing along the magnetic field over the shortened
wavelength to cancel out the electric field fluctu-
ations. In our case, it is almost impossible to
recognize the BT signal atl-, '=2.3&10 ', al-
though the DW is not affected by such a small
magnetic shear. "

The dispersion relation of the Rayleigh- Taylor
instability is derived on the basis of the two-fluid
model. For simplicity, a Cartesian coordinate
system is used. We assume a low-P collision-
less plasma with density gradient dn, /dx = -wn,
under a uniform, straight magnetic field B in the
z direction. Uniform gravity forces nz, g, and

rn;g; are assumed for electrons and ions, respec-
tively, in the x direction. Conservation equations
are now solved by linearizing and looking for a
solution of the form exp[i(-~&+k, y+k, z)], where
k, (=k, &x/I „&x is the width of the instability)
represents the shear effect mentioned above. '
After simple algebra, we get two equations in-
cluding perturbed density 6 and potential y:

-m a~cd kz /m e kw'& (5)

where &,= &;~ =T is used. The first term on the
right-hand side of Eq. (5) represents gravitation-

where &u, = u —k~c, 'tc/w„-k, g, /u. „, &u; = u!

=KT;,/m;. V, k, is small enough to be neglected.
The derivation of Eqs. (1) and (2) is performed
as in Chen's theory, "although no shear was con-
sidered in his case. For cv;/&u„«l, i~i~„/&2
«1, T, k, r „/W2T;~ «1, I gt « I ~ I c [xz is the
Larmor radius, g=g;+(m, /m;)g, ], Eqs. (1) and

(2) yield the dispersion relation of the Bayleigh-
Taylor instability:

~k,rL'(u„/2 pwg -m. ;(u„'k,'/m, k,' =0 (3)

which gives the frequency Re& and the growth
rate Im~:

He~ =-~k, r„'~„/4,
[1m~]' =Kg —(~k,~„/4)'~,'

al excitation in the bad-curvature region (gc & 0)
of the magnetic field, and gives a stabilizing ef-
fect in the good-curvature region (gv &0). The
second term is damping due to the finite Larmor
radius of ions. " The effect of the shear field is
given by the last term which works to suppress
the instability. The growth rates given by Eq.
(5) are shown by solid lines in Figs. 3(d), 3(e),
and 3(f), where the measured values lc =1.2 cm ',
k,=4.0 cm ', 7'=0.2 eV, and ~@=1.0 cm are
used. In these figures, the values of V„B, and
I, are varied, corresponding respectively to
Figs. 3(a), 3(b), and 3(c). Since the linea, r growth
rate should be proportional to the squared satura-
tion amplitude of the instability, A.'," the meas-
ured values of A.' are also plotted. Good agree-
ments are found between the calculated growth
rates and A.' vs V„B, and I-,. The frequency
calculated from Eq. (4), V.V kHz, is consistent
with the measured value, V.4 kHz, when the fre-
quency shift caused by the E,&B drift is included.

Our work demonstrates clear generation of the
Rayleigh-Taylor instability in a plasma flowing
along a curved magnetic field. The instability is
controlled by changing the flow speed, ion Lar-
mor radius, and magnetic shear. All features of
the instability are well explained theoretically.
Finally, this work provides important informa-
tion for magnetohydrodynamic interchange modes
closely related to the Rayleigh- Taylor instabil-
ity, which were recently discussed for instabil-
ities in a tokamak device. '

We thank Dr. H. Sugai for his collaboration in
the preliminary stage of the experiment.
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A hot ion plasma (E;, =400 eV, n = 10' cm ~) is trapped in a minimum-8 mirror sys-
tem. A strong instability at cu; is observed for neutral densities &10 cm ~. We have

observed the suppression of this instability when an electron beam (-42 kW) is injected
into the plasma. We believe the suppression is due to a population of hot electrons pro-
duced and trapped in the mirror by the beam-plasma interaction.

Mirror —confined plasmas may exhlblt strong
microinstabilities driven by the inverted nature
of the particle distribution. Recently, it has
been shown that the hole in velocity space can
be filled by injection of a warm plasma stream.
This has resulted in nearly classical loss times
of hot, highly ionized plasmas. ' A problem with
this technique is that the warm plasma cools the
electrons of the confined plasma. Ioffe et al.'
describe a different method of populating the cold
part of the velocity distribution. They use elec-
tron-cyclotron resonance heating to produce a
small population of energetic electrons near the
mirror midplane with v &» v ~~. These are mag-
netically trapped and produce a local depression
of the space potential. It is believed that this in-
hibits the plasma loss and helps to fill the veloci-
ty distribution. In their experiments they were
able to suppress the drift cyclotron loss-cone in-

stabilityy.

We report here an alternative scheme for sup-
pressing these instabilities, by creating a trapped
hot electron population by the interaction of an
electron beam and the main plasma. Earlier
studies ' of electron beam-plasma interactions
have shown that a sma1, 1 population of very hot
electrons (& 20 keV) with v j»v II is produced
when high-power electron beams are injected in-
to mirror-confined plasmas.

In order to produce a loss-cone distribtuion
that will drive instabilities, the ions must have
a mean free path ~ 100 mirror bounce times.
This requires E&&& 100 eV and neutral density
n, & 10" cm '. These conditions have been met
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FIG. 1. Experimental apparatus for studying loss-
cone mic roinstabilities.

in our apparatus, Fig. 1. The mirror is of the
minimum-B type, with the hexapole field pro-
duced by ferrite permanent magnets. The axial
field is produced by an array of fifteen coils that
form the confining mirror and the guide field for
the plasma injected by the Ti-washer plasma
gun. A series of baffles and Ti getter pumps
keep neutral gas from the gun from reaching the
mirror, so that no 10" cm ' during the injec-
tion and containment periods of the experiment.
The plasma, gun pulse length may be varied be-
tween 0.1 and 2 msec. To prevent residual plas-
ma from the gun entering the mirror after "turn-
off," a divertor coil may be energized that mag-
netically disconnects the mirror and the gun.
Thi. s ensures that the plasma will not be stabil-
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