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The curvature-driven interchange mode is stabilized by spatially modulating the magnetic field lines at
the plasma surface. This is effected by a high-order multipole field. No radial magnetic well is created,
and axisymmetry is retained throughout most of the volume. The density, plasma lifetime, and pressure
gradient increase by an order of magnitude in the stabilized plasma due to suppression of wave-induced
radial transport. A model of wave stabilization by finite-Larmor-radius effects enhanced by the locali-
zation of wave fields is quantitatively established by computer simulation.

PACS numbers: 52.30.Bt, 52.35.Py, 52.55.Jd

We present experimental evidence to advance the con-
cept that the interchange mode' can be stabilized by sur-
face perturbation of the confining magnetic field. This
control of MHD instability at the radial boundary of the
plasma preserves axisymmetry throughout most of the
confined volume and is easy to implement. This is useful
whenever the confinement of a quiescent plasma involves
a magnetic field gradient. The conventional method of
stabilizing MHD modes in an absolute-minimum-B
configuration? does not lend itself to high mirror ratios,
and its lack of axisymmetry can induce considerable
neoclassical transport. Although our experiments were
performed in a mirror device, the concept of controlling
the topology of the surface field to localize and suppress
MHD instabilities is general and applies to toroidal
configurations. The suppression of instabilities at the
plasma-vacuum interface has recently received consider-
able interest in connection with the H-mode operation of
tokamaks. >

In our experiment the surface layer is spatially modu-
lated by a high-order (I =16) multipole field produced
by conducting bars surrounding the plasma [Figs. 1(a)
and 1(b)]. The field-line mapping in the (r,0) plane is
illustrated in Fig. 1(c). There are moderate azimuthal
as well as radial components of the magnetic field in the
boundary layer [By¢/B.=<0.1, B,/B.<0.1, where B, is
the axial field at midplane (z=0)]. The radial depen-
dence of By/B. is depicted in Fig. 2(b). The width of the
nonaxisymmetric surface layer is approximately R,/5,
where R, is the plasma radius. The surface perturbation
parameter, Sp, used throughout the paper is the value of
Bo/B, near the surface at radius ro=45 cm, §=0°, and
z=0. As opposed to other surface confinement
schemes,* no radial magnetic well is formed inside the
plasma and curvature drifts are not reversed. Figure
2(c) demonstrates that the specific flux tube volume,’
JdL/B, increases monotonically with radius for the
range of multipole current used in our experiment.

The experiments were performed in a large vacuum
chamber [Figs. 1(a) and 1(b)] at high mirror ratio
(8 =< R =<35). The magnetic field in the mirror throat,

Bihr, is varied between 450 and 2% 103 G, while the cen-
tral field, B., is maintained at 55 G. The plasma bound-
ary is restricted by an inner wall within the multipole
bars, and a circular limiter is positioned at the mirror
midplane. A hydrogen plasma (W, <3x10° cm ~3, kT,
<5eV, T./T;=7, =<2x%10"%) is produced by launch-
ing electron-cyclotron-resonance heating (ECRH) power
via a rod antenna located in the midplane close to the
inner chamber wall. The ECRH resonant surfaces span
the whole plasma diameter. The ECRH power is pulsed
to allow for time-resolved measurements of the electron
temperature and density in the plasma afterglow. Plane
and cylindrical Langmuir probes are used to determine
the local density N, (r), the fluctuation level SN/ N, and
the electron temperature k7. (r). Ion temperatures were
measured with an ion-energy analyzer.

The simple mirror configuration is unstable to the
curvature-driven interchange mode. Large amplitude
density fluctuations (SN/N =<0.6) are observed
throughout the plasma volume. These modes have a
continuous frequency spectrum extending up to 20 kHz,
peaking around 2-5 kHz. Two probes at different az-
imuthal positions have identified mode numbers, m, of
2-15. The fluctuations are well correlated across the
plasma radius indicating a low radial wave number [Fig.
2(d)]. The modes are found to be flutelike perturbations
(ky=0) by measuring the phase shift between two
probes that intersect the same field line at z=*L/2 off
the midplane.

A particle confinement time 7, =150-300 us was de-
rived from the decay of the ion saturation current of a
cylindrical probe in the plasma afterglow. The observed
value is close to the radial expansion time zq=35R,/vs
commonly used to estimate plasma loss due to the flute
instability (v, is the ion acoustic speed).’

Figure 2 shows the evolution of the density profile for
different values of surface perturbation. The throat field
is By =550 G and the mirror ratio is R=10. The ex-
periments were performed in the afterglow 1 ms after rf
shutoff to make sure that line tying due to electrons
created at the ECRH layer as well as possible stabilizing
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FIG. 1. (a) Schematic of mirror coil setup and /=16 mul-
tipole arrangement. A set of magnetic field lines demonstrat-
ing the topology of the surface layer is shown. (b) Cross-
sectional view of the multipole arrangement at midplane. The
bars are located at a radius of 54.5 cm; the azimuthal periodi-
city of the multiple field is 6=22.5°. The position of the inner
wall (52.5 cm) as well as the limiter (47.5 cm) is indicated.
(c) Computer generated mapping of field lines in the surface
layer in the (r,0) plane. ---, flux surface at z=L/2 in the sim-
ple mirror configuration [Sp=Be(r¢)/B.=0]. ——, flux sur-
face at z=L/2 with superimposed surface field (Sp=0.035).
For this surface, 6 is measured from a field line at z=L/2 that
starts in the midplane with only azimuthal shear. (d) Azimu-
thal electric field of an m =6 mode at z=L/2 (the potential is
kept constant along field lines). ---, Sp=0; ——, Sp =0.035.
The size of the ion Larmor radius is indicated.
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FIG. 2. (a) Radial density profile for different values of sur-
face perturbation: Sp=0 (@,4); Sp=0.022 (O,B); Sp=0.034
(A,C); Sp=0.045 m,D); and Sp=0.067 O,E). (b) Be/B. as a
function of radius for Sp=0.022 (O,B); Sp=0.045 (w,D); and
Sp=0.067 (O,E). (c) Specific flux tube volume [dL/B as a
function of radius for the simple mirror configuration Sp=0
(@,4), and with superimposed surface field Sp=0.045 (w,D),
and Sp=0.067 (O,E). The data are mapped to the midplane
(6=0, z=0). The position of the limiter is indicated by an ar-
row. (d) Radial correlation of flute modes in the surface layer
for the frequency range 3 < =10 kHz in the simple mirror
configuration Sp =0 (@,4).

C(ri,r2) =N (r)SN (r2))/{6N (r1)XX8N (r2))

is determined from the ion saturation current of two probes lo-
cated at | and r, (8=5.625°, z;=L/2, and z;=0). Shown is
the correlation function C(ry,r2) multiplied by the fluctuation
level 6Ni/N\. The stationary probe is kept at r1=39 cm
(B =5.5%x10"2T, R=10). All radii are mapped to the mid-
plane. (e) Radial correlation with superimposed surface per-
turbation Sp=0.067 (O,E).

effects due to hot electrons® do not have to be taken into
account. In the simple (unstable) mirror configuration
[Sp=By(r¢)/B.=0] the time-averaged density gradient
is flattened as a result of intense plasma convection from
low-frequency turbulence. As soon as the surface pertur-
bation exceeds the critical strength (Sp=0.045) a
stable surface layer is created, and a negative pressure
gradient can be supported at the plasma boundary. The
electron temperature shows no significant radial varia-
tion so that the pressure profile can be approximated by
the density profile. The density increases by an order of
magnitude as a result of improved radial confinement,
and a hollow profile develops in the core plasma. This is
consistent with the Rosenbluth-Longmire energy cri-
terion, since fdL/B is increasing with radius [Fig. 2(c)].
In the stable plasma the density profile peaks close to the
boundary of the perturbed surface layer.
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The radial correlation of the unstable modes is deter-
mined by comparing the density fluctuations measured
by two probes located at the same azimuth. One probe
is kept stationary, while the second probe is moved to
different radii. The correlation function C=(8n,6n,)/
(6n)X8ny) is obtained by multiplying the fluctuating part
of the ion saturation currents and using a boxcar integra-
tor for averaging. The measurement is performed in the
afterglow 1 ms after rf switchoff, and a high pass filter is
employed to suppress the dc component of the ion satu-
ration current. The results are presented in Fig. 2. For
Sp=By(ro)/B. =0 the modes are well correlated over a
large radial distance. For Sp= 0.045 the modes are lo-
calized radially and of significantly lower amplitude.
The width of the correlation function is found to vary in-
versely with the amount of surface perturbation at the
radius of the fixed probe.

Figure 3 shows the density fluctuation level SN/N (in-
tegrated over all modes), the line-averaged density
fNedr/Rp, the particle confinement time 7,, and the
growth rate obtained from computer simulation y as a
function of Sp. Stabilizing effects are observed to set in
for Sp=0.015. The average density and the con-
finement time increase substantially due to suppression
of flute-induced radial losses. A saturation of the
confinement time is observed for Sp==0.045, when the
fluctuation level has dropped to §N/N==0.1. For the
plasma parameters of our experiment, the ion collision
rate (mainly determined by small-angle Coulomb col-
lisions) is larger than the bounce rate between the mirror
throats so that the axial loss time is expected to follow
the collisional scaling, t.=RL/2v;.” Figure 3(c)
demonstrates that 7, approaches t. in the stabilized
plasma (7, was evaluated using the electron temperature
measured in the afterglow). In the stabilized regime, a
linear dependence of 7, on mirror ratio is found over a
range of 8 < R=35. This indicates that radial losses
are negligible as compared to axial losses, which is in
agreement with a simple estimate of the radial plasma
loss by diffusion.

We wish to point out that finite~-Larmor-radius
(FLR) effects,® in the absence of the surface field, are
expected to stabilize only high-azimuthal mode numbers
m = 25, because the ion Larmor radius, p;, is small com-
pared to the plasma radius (p;/R,==0.04). As large am-
plitude low-order modes are actually found in the experi-
ment without surface stabilization, there is obviously no
significant line tying due to the conducting end plates,
consistent with the theory of Liebermann and Wong.’

The experimental data as well as a computer simula-
tion suggest that the following physical picture explains
the concept of flute stabilization by surface perturbation.
In the simple mirror configuration, magnetic field lines
form smooth circular flux surfaces [Fig. 1(c)]. In the
presence of the surface field, the flux surfaces remain
nearly circular at z=0, but map into a cycloidal pattern
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FIG. 3. (a) Fluctuation level SN/ N averaged over the ra-
dius; (b) line-averaged density N.=fN.dr/Rp; (c) plasma
lifetime 7, as a function of Sp=Be(ro)/B: (Buh:=5.5%10"2T,
R=10). The dashed line corresponds to 1, =RL/2vs;. The
data are taken after the plasma production has been turned off.
Included in (c¢) is the inverse growth rate, 1/, derived from
computer simulation for a plasma at a radius of ro as a func-
tion of Sp (O). The ion Larmor radius corresponds to the ex-
perimental value.

off the midplane. This is illustrated in Fig. 1(c) for
z=L/2. The wave potential of the interchange mode is
essentially constant along the field lines (k;=0). The
spatial distribution of the wave potential, therefore, fol-
lows closely the distribution of field lines and adopts the
spatial periodicity of the surface field. Thus the azimu-
thal electric field is enhanced where the field lines bunch
in azimuthal direction. This is illustrated in Fig. 1(d)
for the example of an m =6 mode. Close to the tips of
the cycloids the scale length of the electric field is com-
parable to the ion Larmor radius as indicated in the
figure, so that significant FLR stabilization is expected.
The computer simulation used to verify this physical
picture is a 2D electrostatic particle push code with rec-
tangular geometry, uniform magnetic field, uniform
gravitational field, and 2.5x10* particles. The simula-
tion yields the linear growth rate of the gravitational in-
terchange instability. The interchange can be simulated
by a 2D code because the electric potential is constant
along magnetic field lines. The surface magnetic field
causes the field lines of a flux tube to bunch together on
one side of the midplane and diverge on the other side.
This effect is accounted for in the computer simulation
by representing each side of the midplane by a 2D plas-
ma cross section. The charge distributions from both
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sides are then superimposed in the midplane. The elec-
tric potential from the total charge distribution in the
midplane is then mapped along the magnetic field lines
to the two sets of particles, and the particles are ad-
vanced.

Figure 3(c) shows the inverse growth rate, 1/y, de-
rived from the electric field energy in the computer simu-
lation, as a function of the surface perturbation, Sp.
This simulation shows that FLR effects enhanced by
forced wave localization can account for a factor of 3
reduction in the interchange growth rate. Here the ratio
of thermal ion Larmor radius to multipole periodicity is
1:16, which approximates the experimental conditions.
For an ion Larmor radius half as large, y is almost
uneffected by Sp, which demonstrates the need for both
FLR and a multipole field to reduce the growth of the in-
terchange wave. Experimentally, the density profile
curves D and E of Fig. 2(a) show that the plasma edge
develops at a critical value of Bg¢/B., which moves inward
as Sp increases. Be/B. is approximately 0.05 at the
steepest density gradient for both Sp=0.045 and 0.067.
This critical value of By/B. in the experiment matches
well with the saturation level of Sp (also about 0.05) de-
rived from computer simulation.

We have eliminated wall stabilization on the following
grounds. Wall stabilization, to be effective, requires the
plasma boundary to be an equipotential surface and the
density to be sufficiently high at this surface.'®'" Exper-
imentally, however, at the radial boundary we find a wall
sheath (e¢/kT,=2) and fluctuation levels comparable to
those well inside the plasma for both the stable and un-
stable regimes. The ratio of wall to peak density is
larger in the unstable simple mirror configuration than in
the stable multipole configuration. The density at the
wall or limiter is a factor 3-5 less than that predicted
theoretically by Lehnert,'® Fornaca,'' and Caponi,
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Cohen, and Freis,'? for the appreciable reduction of the
growth rate of low-order interchange modes. We have
therefore eliminated wall stabilization as a possible ex-
planation.
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