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ABSTRACT

A mirror-confined hot-electron distribution is created in a single
magnetically stable cell of a multiple mirror device. The hot electrons
are observed to decouple magnetically stable and unstable portions of the
plasma on the two sides of the cell containing the hot electrons. The
unstable motion is found to be flute-like with velocity comparable to that
expected from the unstable portion by itself. The plasma partially
restabilizes Tater in time., The decoupling is interpreted as caused by
a potential barrier created in the ECRH mirror cell. The coupling is

restored with the decay of the potential barrier as ions become trapped

in the cell.



One of the most promising configurations being investigated for
confinement of fusion plasmas is that of a tandem mirror in which a
potential barrier to electron flow is formed between regions of unstable
and stable magnetic curvature [1]. 1In the absence of the barrier the
entire pressure weighted curvature is stable. This configuration has
been analyzed using drift-kinetic equations [2] to study trapped particle
modes. The result is that the piasma is unstable if the density is
sufficiently small in ;he potential barrier region, an approximate

stability criterion being (for the lowest order m = 1 azimuthal mode)
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where ns/n0 is the ratio of the transition or sheath density (which
samples both the stable and unstable curvature regions) to the unstable
plasma density, and rp/R is the ratio of plasma radius to the average
unfavorable radius of curvature. Equation (1) implies that the usual
tandem mirror configuration would be unstable for a fully developed plasma
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sheath, in which ns;/no ~ (me/mi) to preserve the Boltzmann distribution

1/2 . 140, for hydrogen]. Theoretically, it should

of electrons [(m,/m;)
should be possible to tailor the machine design such that the potential
barrier serves its confinement function without producing this trapped
particle instability [3].

A curvature driven resistive trapped particle instability is also
expected to be present in tokamaks, where the prediction is that high
mode numbers are unstable, leading to plasma turbulence [4], Although
turbulence is commonly seen in tokamaks, under conditions in which the

trapped particle mode should exist, positive identification has not

been possible. More recently, a direct observation of the trapped ion
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mode has been made in its collisonal form [5].

Unlike the above experiments, in the tandem mirror configuration
the mode is expected to be mainly flute-like, in which the most dangerous
mode is probably m=1, with corresponding transverse plasma flow to the.
walls. A flute-like mode corresponds to early experiments in which a
mirror-confined plasma with MHD unstable curvature was terminated, out-
side of the mirrors, on conducting plates. The effect of the end-plates
on stability in these experiments was not fully understood. If the
plates were not emitting, various experiments reported stabilization [6],
destabilization [7], or no effect at all [8]. An emitting end plate
with an electron-rich sheath is stabilizing, with a transition to
instability as the sheath becomes ion rich [9]. An interpretation of
these results can be given in terms of the resistive nature of the normal
sheath existing between a plasma and either a non-emitting conductor or
an ion-rich sheath [10,7,11]. The combined system is then always unstable,
but at reduced growth rates, which may or may not be observed in a given
experiment. A general consensus, however, is that a passive conducting
end plate cannot be used to stabilized a mirror-confined plasma at
fusion parameters [11].

It is the purpose of the present note to describe experimental
observations of instabilities in tandem-mirror-like magnetic configurations
in which MHD modes localized in unfavorable curvature regions have been
produced.

In the experiment, shown in Fig. 1, plasma is injected into one end
of a multiple-mirror device [12] through a rising cusp field. The plasma
then flows into a quadrupole stabilized cell in which the electron
cyclotron resonahce heating (ECRH) is performed, and into a set of
uhstable cells. The metal chamber walls of the ERCH cell, together with
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end plates with openings shaped to fit the elliptical finx surfaces, form
a cavity for ECRH which does not obstruct the stable plasma flow.

Without ECRH the entire plasma is avg-min-B stable through most of its
decay, due to the strong stabilizing effect of the cusp. (late in the
decay an MHD flute instability develops when the cusp is sufficiently
emptied of plasma.)

When a 10 GHZ ECRH heating pulse (~200kW, 3 usec) is injected into
the quadrupole-stabilized mirror cell at an appropriate plasma density
(wps‘”rf)a mirror-trapped hot electron distribution is established in
the ECRH cell, as evidenced by the production of x-rays. The temperature
of the electron distribution was measured from x-ray pulse height analysis
to be approximately 1 keV. The hot electrons decayed with a time
constant of about 1 msec, characteristic of Coulomb collisional processes.

A direct measurement of the potential in the ECRH cell has not been
made. Theoretically, we expect a negative potential to be formed because,
by charge neutrality, the cold electron density in the ECRH cell is
reduced below its value in the adjacent cells. The Boltzmann coﬁdition
on the cold electrons (having temperature TC) then requires the
existence of a potential barrier. If all the electrons in the cell are
heated then we would expect that the Boltzmann condition would force a
negative potential of approximately 4Tc to exist in that cell, reducing
the cold electron density to that existing in a typical sheath.

Two indirect measurements indicate that a potential has been
formed. In the first, with an avg-min-B stable magnetic field configura-
tion, the ion saturation current on a Langmuir probe in the adjacent
up-stream (high density) mirror cell is found to increase wfih}é 10 usec
after heating, while the ion saturation current on a Langmuir probe in

the down-stream (lower density) cell is found to decrease with roughly
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the same time constant. On a longer time scale (~ 50 u;ec) these
transients disappear. These observations are qualitatively interpreted
as arising, at least in part, from a perturbation in the plasma flow

due to the formation of a potential barrier. The potential decays on the
time scale for ions to collisionally become trapped in the ECRH cell.

A second indication of this barrier is obtajned using an 8 mm fixed-
frequency interferometer. The interferometer measurements indicate an
increase in the plasma density in the ECRH cell on a time scale of 50 usec
after heating. This density increase is predicted to occur by the same
mechanism that destroys the potential barrier, that is, by collisional
trapping of ions within the ECRH cell.

With a magnetic field such as that shown in Fig. 1, the ECRH-produced
hot electrons are found to decouple the colder plasma in the two portions
of the machine on each side of the ECRH cell. Since only plasma on one
side of the ECRH cell is cusp stabilized, the result of the decoupling is
that the other side of the machine becomes unstable. The large amplitude
motion leads to significant plasma loss. This is shown, for one
particular set of parameters, in Fig. 2, using on-axis Langmuir probes
operating in the ion saturation région. At the time of heating (arrow)
the characteristic transient increase in ion saturation current is seen
on the upstream probe at midplane M78’ There is a corresponding rapid
loss of plasma on the axis of the downstream midplane M56‘ The x-ray
production at the midplane M67 of the ECRH cell is also shown. The
characteristic decay time of the x-rays is that predicted for the
scattering of 1 keV electrons into the loss cone, and is independenf of

the decay ofvthe cooler plasma.



The time for the decay of the potential barrier by ion trapping is
expected to be approximately 50 usec. On this time scale we would ex-
pect plasma reconnection to be established. However, reconnection with
an off-center plasma can be impeded by the end plates of the ECRH cavity.
A set of four off-axis Langmuir probes are used to view the resultant
plasma motion. An analysis of typical shots indicates primarily an
m=1 mode with some admixture of m=2. Depending on the shot,varying
amounts of plasma may be lost before a partial reconnection is established.
A rather different type of behavior, in which the plasma in the unstable
field region has wide excursions but is not lost, is illustrated in
Fig. 3. Rather than showing the probe traces directly, we plot the
centroid of the plasma motion each 5 usec as determined from the four
off-axis probes. Early in time, 25 us < t < 35 psec, the motion of the
centroid is rapid, as expected from the ExB motion of the fully developed
instability. Later in time, 105 us < t < 115 pusec large amplitude motion
persists, but the velocity has been considerably reduced. We interpret
this as indicating at least partial restaﬁi]ization of the plasma. The
complicated trajectory of the centroid indicates that the wall is playing
a significant role in the motion for the off-center plasma. The initial
off-center position of the plasma (at t=0) when the ECRH is employed
allows the instability to develop rapidly. Noise on the probes preven-
ted measurements during the first 25 usec after ECRH.

Experiments were also performed by injecting a plasma from a e-pinch

source through a cusp on the left end of the device. With this

configuration the field in the cell to the right of the ECRH cell
(see Fig. 1) was changed from a cusp to that of an unstable mirror. After

firing the ECRH, the two parts of the device again decoupled with large
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amplitude osci11ations and plasma loss observed to the right of the
ECRH cell, while the left side, including the cusp, although showing some
motion, remained essentially stable.

To compare our results with theory we use either the approximate
dispersion relation from the drift-kinetic analysis or the dispersicn
relation employing a resistive sheath. From the drift-kinetic analysis

the dispersion relation is (1)
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is the magnetic curvature drift frequency (R = LB/rp being the magnetic

curvature with LB the magnetic scale length), bi'is the ion gyroradius,

and the other symbols have their usual meaning (with T in volts).

Putting k = ]/rp (m=1 mode) then for ns/n0 >> (pi/Pp), we obtain Eq. (1).
For our parameters, 2 < rp < 3 cm, LB = 30 cm, Te = Ti = beV, the

plasma 1s unstable, according to Eq. (1), if all of the electrons are

heated ( s ﬁ%&. The growth time, according to (2) has a maximum of

Tg ~ 80 usec for rp ~ 3 cm, which is about a factor of six larger than

the flute growth time Tg % LB/vT ~ 13 usec.
i

The instability growth time can also be estimated from the resistive

sheath model with the reduction in the growth rate for the m=1 mode

obtained approximately as [11]
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where Lp is the length of the unstable plasma. As in the trapped
particle mode analysis, the stable region is considered to be a region
of zero mode amplitude, i.e., act like a conducting wall. Using the

previous parameters (but taking r_ = 2cm at the lower end of the range

P

to minimize rg) and with L_ = 3 meters we find Tg/-rf ~ 7 or T = 90 usec.

P g
In the resistive sheath model there is no sharp transition with "s/"o
between stable and unstable behavior.

For either analysis the calculated growth time is considerably
slower than the time for the large amplitude motion to move the plasma
a distance equal to its radial extent. We note that there is a fairly
1arge.initia1 perturbation which permits a fully developed initial motion,
rather than requiring an initial time for exponentiation. However, even
allowing for this the motion is more rapid than expaected. One possible
explanation might be transient heating of the electrons resulting from
the r.f. leakage fields.

A second difficulty is that a nearly full sheath potential is
required to keep nS/no sufficiently small that Eq. (1) predicts
instability. Although the resistive sheath model predicts instability
for larger "s/"o’ the growth rate rapidly falls off as ns/n0 increases.
In addition to the decay of the potential expected from ion trapping,
other effects may prevent a full sheath potential from building up (or
maintain ns/no at a larger value). Variation in ns/n0 may be responsible
for the wide variation of the shot-to-shot behavior, as would be
predicted from Eq. (2).

On a longer time scale the cusp tends to empty, and the entire
colder plasma may become flute unstable, independent o f the hot-electron
component which remains stable. The existence of a hot-electron com-

ponent, together with overall charge neutrality, leads to a charge
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imbalance between the colder electron and ion components. This charge
imbalance hés been predicted to be stabilizing [13,14]. However, the
percentage of hot electrons Tlate in time (estimated to be 5% of the total
number of electrons in the 8 cell multiple mirror device) is not known
accurately and may be too small to achieve stability.

We also note that the decoupling of the hot-electron and colder
components has been confirmed by modifying the ECRH cell magnetic fields
such that the hot-electron component is not fully stabilized. The hot
electrons can then be made to dump independently of the colder plasma,
which remains cusp stabilized.

In conclusion, the decoupling of stable and unstable magnetic field
regions of an average-minimum-B device, by the creation of an intervening
hot-electron distribution, has been experimentally demonstrated.
Theoretical calculations from either a trapped particle or a resistive
sheath model predict the behavior qualitatively, but not quantitatively.
A time resolved measurement of the potential in the barrier region will
be required to more clearly delineate the decoupling mechanism.

The work was supported by DOE Contract DE-AT03-76ET53059 and NSF
Grant ECS 8104561.
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Fig. 3. Motion of the centroid (pluses) of the plasma density cross-

section with time:

METAL
CHAMBER

(a) early in time;

(b)

(b) later in iime. Time t = 0 corresponds to the ECRH heating time.



Fig. 2. (a) The density decay on axis at the midplane of the stable

cell (M78) and at the midplane of a cell that becomes
unstable after ECRH (MSG)'

(b) Single x-rays emitted perpendicular to the midplane of

the ECRH cell (M67); note the two traces are two halves

(in time) of a single record.
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Fig. 1. Schematic (not to scale) of two field Tines 180° apart in the
multiple mirror device showing midplanes (M) mirror throats (T)

and the position of the ECRH and various diagnostics.
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