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Experimental Observation of the Hot-Electron Equilibrium in a Minimum-B Mirror Plasma
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Measurements of the hot-electron (T=450 keV, n=2&&10" cm ') equilibrium in the Constance B
minimum-8 magnetic mirror show that the pressure profile is peaked ofI the axis and is shaped like the
seam on a baseball. This curve is the drift surface of the deeply trapped electrons and the location of the
strongest microwave heating. The configuration is stable and decays quiescently on the hot-electron col-
lisional time scale (I —2 s) after the microwave power is turned oA'. According to 1D pressure-weighted

fdll 8 analysis this plasma configuration is expected to be unstable.

PACS numbers: 52.55.Jd, 52.30.Bt, 52.50.Gj

The equilibrium and stability of plasma configurations
in magnetic fields is of fundamental importance in the
development and understanding of plasma confinement
devices. Experimental measurements of mirror equili-
bria have been made in electron cyclotron-resonance-
heated (ECRH) maxima-B' and minimum-B mirrors
and bumpy tori. The data show that, for maximum-B
hot-electron plasmas, the plasma pressure is concentrat-
ed in a ring structure which is located near the second-
harmonic ECRH resonance. I.rom the previous mea-
surements in a minimum-8 mirror it was not possible to
infer the full three-dimensional structure of equilibrium.
The measurements presented in this Letter indicate that
the hot-electron pressure profile is peaked oA axis and
shaped like the stitched seam on a baseball.

In the Constance 8 mirror, high-beta (beta is the ra-
tio of plasma pressure to magnetic field pressure), hot-
electron plasmas are created with use of up to 4 kW of
fundamental electron cyclotron-resonance heating at
10.5 GHz. Typical plasma parameters are T,p =450
kev, n, h

=2X10'' cm, p =30%, n„=2 1X0'' cm
and T„&100 eV. The ECR H resonance zone is a
closed ellipsoidal surface (Fig. 1). The typical operating
hydrogen neutral pressure is 10 Torr although stable

hot-electron plasmas can be formed over the pressure
range from 5x10 to 10 Torr. Pulse lengths are
typically 1-2 s. The hot-electron confinement is dom-
inated by ECRH-induced diftusion when the rf is on, but
when the ECRH is turned oA the diamagnetic decay
time of 1-2 s is consistent with collisional scattering loss
of the hot electrons.

Insight into the spatial distribution of the hot electrons

10 cm

FIG. 1. Constance 8 magnetic field geometry. The solid
lines are field lines and the dotted lines are surfaces of constant
magnetic field.

(b)
FIG. 2. Visible light photographs of the plasma 30 ms after

ECRH turn-olT. (a) Side view. The magnetic field is oriented
as shown in Fig. 1. The vertical bars are an ion-heating anten-
na centered on the midplane. The bars are 7.6 cm apart. (b)
End view.
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is given by the visible light images of the plasma taken
with a charged-coupled-device television camera. Fig-
ure 2 sho~s the photographs of the Constance plasma
which are taken 30 ms after the ECRH is turned ofI. At
this time, & 95% of the cold electrons have scattered
into the loss cone (r„„=SOps) and only the hot elec-
trons are well confined. These pictures suggest that in

three dimensions the hot electrons are concentrated
along a baseball seam, i.e., the curve described by the
stitched seam on a baseball. An x-ray pinhole photo-
graph (Fig. 3) taken for the same plasma conditions
verifies that the hot electrons are distributed as the
visible-light photographs suggest. The plasma is con-
tained within the resonant mod-B surface. Measure-
ments of the H-a profiles, the hard x-ray flux, the hot-
electron temperature profiles, and the hot- and cold-
electron end-loss profiles also corroborate the hollow,
and, in particular, the baseball-seam nature of the hot-
electron profile. Another strong indication that the hot
electrons are distributed along the baseball seam is the
observation that it is possible to insert a 4 -in. -diam
aluminum probe into the plasma axis at the opening of
the "C" (point A on Fig. 1) with a resulting decrease in

stored energy of less than 10%. Inserting the probe to
the axis at other axial positions completely destroys the
plasma.

This hot-electron equilibrium has been observed over a
wide range of operating conditions. The baseball-seam
shape is established within the first 30-60 ms of the
discharge when beta is low («1%). The plasma profile
is initially peaked on axis and then changes to the base-
ball shape within 30 ms, which is the time resolution of
the framing camera. When this transition occurs the
hot-electron temperature is measured to be between 30
and 50 keV. In high-neutral-pressure discharges with
no hot electrons, the baseball seam is not observed. The
baseball equilibrium is seen in hydrogen, helium, and ar-
gon plasmas. Finally, the hollow plasma is seen over the
range of midplane magnetic fields from 2.8 to 3.4 kG

(resonant radial mirror ratio from 1.33 to 1.1).
Two plasma characteristics can be associated with the

observed baseball-seam curve. First, this shape corre-
sponds to the drift surface of the deeply trapped elec-
trons at the resonance zone. Figure 4 shows the calculat-
ed drift orbit of a 340-keV electron with very little paral-
lel energy which is started near the bottom of the well on
a mod-B surface in the Constance magnetic field. This
figure clearly sho~s the baseball-seam nature of the par-
ticle drift. Second, the ECRH absorption will be strong-
est along the baseball-seam curve. The largest heating
rate occurs on field lines which are tangent to the reso-
nant mod-B surface, since on these field lines the gra-
dients in the field at the resonant surface vanish. Map-
ping of this tangent point along the mod-B surface pro-
duces a baseball seam. It is the cold electrons, which are
the source for the hot electrons, that are strongly heated
on the baseball-seam curve. The relativistic hot elec-
trons (y=1.7) are resonant further out along the field
line. Thus, the anisotropically heated hot electrons seek
an equilibrium related to their drift motion and to the
heating of their low-energy source electrons.

An interesting feature of this equilibrium is that it is
very stable. Although the magnetic geometry is
minimum B, plasma stability is not necessarily to be ex-
pected for pressure profiles which are peaked oft axis. A
detailed theoretical analysis is complicated by the
geometry and by the wide parameter range of the ratio
of the electron drift frequency to the magnetohydro-
dynamic (MHD) growth rates. This ratio varies from
much less than unity at the beginning of the ECRH
pulse to unity as the hot-electron temperature ap-
proaches 200-400 keV. Thus, we do not attempt in this
Letter to give a detailed stability analysis but, instead,
use the adiabatic fluid-energy principle of Rosenbluth
and Longmire to suggest why the stability of the ob-
served configuration is surprising. If we apply the
Rosenbluth and Longmire stability criterion, neglecting
compressibility eA'ects, to the plasma inside the pressure
peak, we conclude that the plasma is unstable in this re-
gion because the magnetic field curvature is unfavorable
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I.IG. 3. X-ray pinhole photograph of the plasma. The dark
vertical bar is the shadow of the diamagnetic loop.

FIG. 4. Calculated drift orbit of a 340-keV electron which
is started near the bottom of the well.

1854



VOLUME 58, NUMBER 18 PHYSICAL REVIEW LETTERS 4 MAY 1987

with respect to the pressure gradient. This is the famil-
iar fdl/B criterion for ideal MHD stability. The plas-
ma would thus be expected to flute radially inward and
assume the most energetically favorable profile —one
which is peaked on axis —on the time scale of the MHD
growth rate. For Constance parameters, the MHD
growth time is —0. 1 ps. Experimentally, however, we
observe that the plasma is stable and relaxes on the
significantly longer hot-electron collisional time scale of
seconds when the ECRH is turned oA.

When compressional eftects are taken into account,
profiles which are peaked oA the axis are theoretically
stable provided that they are not too hollow. The mar-
ginally stable profile is given by PV~=const, where P is
the pressure, V is the volume of a unit tube of flux
(V—fdl/B), and y=(N+2)/N, where N is the number
of degrees of freedom. For the Constance magnetic field,
this profile is one which drops to 88% of its peak value on
the axis. Figure 5 shows the midplane radial profile and
line-integrated side and end views of two model pressure
profiles which have the baseball-seam symmetry. Figure
5(a) is the theoretical compressibility-stabilized profile
and 5(b) is a more hollow profile where the pressure
drops to 45% on the axis. The line-integrated profiles
can be directly compared to the visible-light photo-
graphs. Since the hot-electron temperature profile de-
duced from x rays is measured to be flat across the plas-
ma the pressure profile is equivalent to the density
profile. The light emission is proportional to the product
of the hot-electron density and the neutral density and,
since the neutrals are uniformly distributed in this low-

density plasma, the light also reflects the hot-electron
density profile. Better agreement is achieved with profile

5 (b), a profile which is more hollow than the
corn pressibility-stabilized pressure profile. Moreover,
magnetic probe measurements of the diamagnetic fields
outside the hot plasma are in good agreement with the
predictions of the profile which drops to 45% on the axis.

Stabilization methods other than compressibility have
been considered, but none yet provide a satisfactory ex-
planation. First, stability is observed very early in the
shot and for low-ECRH-power shots where the hot-
electron beta is very low (((1%). In these cases the
hot-electron diamagnetism is not sufTicient to modify the
vacuum magnetic field. Second, stability is observed in
the absence of cold plasma. This contrasts with the ex-
perirnentally observed lack of stability under similar con-
ditions seen in the Elmo Bumpy Torus experiment. '

Third, line tying is not thought to be the stabilization
mechanism because the plasma density outside the mir-
ror peaks is measured to be less than 1% of the peak den-
sity during ECRH and 100 times lower in the afterglow.
The vacuum-chamber design causes plasma to hit the
end walls at low density and magnetic field so that end-
wall isolation can be achieved. Finally, the stability ear-
ly in the shot when both beta and the hot-electron tem-
perature are low suggests that decoupling due to fast
particle drifts is not responsible. For electron energies of
50 keV the drift period is long compared to the MHD
growth time. Although decoupling or stabilization due
to eAects of high plasma beta may be valid under some
plasma conditions, they cannot be invoked in the early
part of the shot or in low-P shots.

We have presented the observations of the hot-electron
equilibrium in a quadrupole mirror. We have found that
the pressure profile is shaped like the seam on a baseball,
a curve which coincides with the drifts of the deeply
trapped electrons at the ECRH resonance surface and
the points where the heating of the cold-electron source
is strongest. The data indicate that the pressure profile
is more hollow than the profile which can be stabilized
by compressibility. Stabilization by cold plasma, decou-
pling, line tying, and the digging of a diamagnetic well
are unlikely. The extreme degree of stability which is
experimentally observed is therefore not understood at
this time.

The authors gratefully acknowledge helpful discus-
sions with S. Hiroe, J. Kesner, M. Gerver, and D. K.
Smith. This work was supported by the U.S. Depart-
ment of Energy under Contract No. DE-AC02-
78ET51013.

FIG. 5. Midplane radial pressure profile along the 45' line,
line integral of pressure from the side, and end view of line-
integrated pressure for pressure models where the on-axis pres-
sure is (a) 88% and (b) 45% of the peak pressure. The
highest-pressure contour is shaded. The pressure models have
the baseball-seam symmetry.
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