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ABSTRACT

THERMAL BARRIER CONFINEMENT EXPCRIMENTS IN THE TMX-U
TANDEM MIRROR

In our recent experiments on the TMX-U thermal-barrier
device, we achieved the end plugging of axi,l ion losses up to
a central cell density of nc = 6 x 10°° em ~. During
lower density experiments, we measured the axial potential
profile characteristic of a thermal barrier and found an
ion-confining potential greater than 1.5 kV and a potential
depression of 0.45 kV in the barrier region. The average beta
of hot end plug electrons has reached 15% and of hot central
cell ions has reached 6%. In addition, we heated deuterium
ions in the central cell with ICRF to an average perpendicular
energy of 2 kgV. During strong end plugging at low density
(7 x 10° em” ), the axial ion corfinement time Ty reached
50 to 100 ms while the nonambipolar radial ion confinement time
1, was 14 ms--independent of end plugging. Electrically
floating end walls increased the radial ion confinement time by
a factor of 1.8. At higher densities and lower potentials,
Ty was 6 to 12 ms and T, exceeded 100 ms.

1. INTRODUCTEON

The Tandem Mirror Experiment—-Upgrade (TMX~U) is the first
thermal-barrier tandem mirror to operate. Our recent experi-
mental results demonstrate the formation of microstable
sloshing-jon distributions {1,2], end plugging with a density
larger in the central cell than the end plug, and formation of
thermal barrier axial potential profile [3]. Additional work
has shown the following: a continuing inereasc >f hot electron
beta up to 15% when we increase electron-cyclotron resonant
heating (ECRH) power [4], heating of the central cell ions with
ion-cyclotron resonant frequency (ICRF)}{S5], and decreasing
radial ion transport with end wall potential control [6].

The TMX-U magnetic-field configuration consists of a 8-m-
long 0.3-T solenoidal central cell, terminated at each end by a
3-m-long 0.5-T quadrupole mirror cell that performs the dual
role of providing a thermal barrier potential profile for axial
confinement as well as a magnetohydrodynamic (MHD) anchor.

Six 20-kV neutral beams, which are injected in the end
plugs at 47° to the magnetic field lines, form sloshing-ion
distributions and pump trapped ions out of the thermal
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barriers. 1In each end plug, a 200-kW 2B-GHz gyrotron heats
electrons near the second harmonic resonance at the bottom of
the magnetic well to create the thermal barrier; a second
gyrotron at the fundamental resonance (w.e) locally heats
electrons between the bottom of the well and the outside mirror
to create the ion confining potential peak. Central cell ions
are heated by two 200-kW ICRF antennas and by seven neutral
beam injectors. The plasma is fueled by injecting gas in the
central cell.

2. MEASUREMENTS OF THE THERMAL BARRIFR POTENTIAL

Using three electrostatic analyzers with grids [7] located
at the ends of the TMX-U, we measured the thermal barrier
potential profile shown in Fig. 1b. Sloshing beams and ECRH
heating were applied in the standard manner to create an
end-plugging plasma in the west end cell (Fig. la). To make
this measurement, we used only second harmonic ECRH in the east
end cell; therefore, no potential peak or end plugging occurred
in the east end cell. To measure the barrier potential
(¢ - ¢p) shown in Fig. 1b in the west end cell, we injected
a diagnostic neutral beam at an 180 angle to the magnetic
axis. The ionized-diagnostic-beam atoms stream along magnetic
field lines out the east end of the machine. Their energy
shiift, measured by the analyzer ELAl, gives a direct measure of
the barrier potential. The analyzers labeled ELA2 and ELA3
were swept through a lower energy range--from ground to 2.4
keV. Ions detected by these analyzers have a minimum energy
¢o (ELA2) or ¢, (ELA3), as determined by the decrease in ion
current when the ion-repeller-grid voltage was swept through
these values of potential. The peak potential height ¢ was
not resolved because ions lost out the west end had energies
gireater than the marximum grid bias of 2.4 kV. Therefore,
the central cell ion-confining potential ¢, = ¢P = be
exceeded 1.5 kV.

Several additional facts supporting the existence of a
thermal barrier are as follows:

1. Non-Maxwellian plug electrons with bulk
“temperature" exceeding central cell temperature;
Potential peak was enhanced by ECRH;

Rapid rise of end loss when plug ECRH was turned off;

End plugging required both sloshing ions and ECRH;

Axial confinement was improved;

End plugging was observed with ne > nps

. Plugging required hot electrons;

. No plugging occurred unless central cell ions were
sufficiently hot.

A remarkable feature of these thermal barrier experiments
is that both the energetic ions and electrons remain stable to
ion- and electron-cyclotron modes. Although weak fluctuations
are detected, we have not observed degradation in confinement
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resulting from either ion or electron modes. 1In our experi-
ments, impurity concentrations (C,N,0) were also low, <1%.

3. PLASMA CONFINEMENT

The potential peaks in the end plugs reduce the axial loss
of central cell ions when both ECRH (Fig. 1lc) and sloshing ions
(Fig. 1d) are present. Figure le shows end-loss currents out
one end when both ends are plugged (the other end is similar).
The pulsed nature of the end-loss current seen in Fig. le
results from sweeping the analyzer ion-repeller voltage to
measure the energy distribution. When the ion-repeller voltage
exceeds the plasma potential plus a few times the central cell
ion temperature, almost no ions reach the collector and the
remaining signal is a negative current of energetic electrons
that pass through the -2.0-kV electron-repeller grid. Using a
second analyzer to measure the electron current, we determined
that the ion axial-confinement time was at least 100 ms.

We determine the nonambipolar radial ion-confinement time
T by measuring the net current collected on the end walls.
Negative currents, implying that the axial current of electrons
exceeds that of ions, are measured. To preserve charge balance,
we assume that there is an equal radial current of ions. This
radial current value is used to calculate T,.

The erorrimental scaling of T; with the central cell density
(n¢) and the potential of the central cell plasma relative to
ground (¢_) are shown in Fig. 2 over a wide range of conditions.
In Fig. 2a, above ¢ = 150 V, T, decreases as ¢;2; whereas
at_lower potentials T, is equal to 0.1 to 0.2 s. The region of
¢e“ scaling hegins near the resonance between the ion axial
bounce and azimuthal E x B drift motions, where resonant
transport theory predicts a general increase in radial
transport [8]. The measured T, is less than predicted by
theory by a factor 1 to 3. Overall, our experiments show the
importance of avoiding operation at excessively high values of
potential {(relative to the ion and electron temperatures, as
predicted by theory). Figure 2b shows that 1, reaches 100 ms
at densities above 10°“ cm ° when the potential is lower.

There is less correlation of 1, with n. than with ¢a.

The average hot electron beta increases with ECRH power to
15% (30% locally or axis). After ECRH turnoff, the diamagnetic
hot electron signal initially decays with a 10 to 20 ms decay
rate, which later increases to 100 ms. The central cell beta,
resulting mainly from the neutral beam injected ions, reaches
6% averaged over the radius to the limiter. Because the hot
ions are undoubtedly localized in the plasma core, the on-axis
beta is several times higher. The hot ions diamagnetic decay
time is usually 3 to 5 ms, which is believed to be limited
mainly by charge exchange on cold gas.



-5=
4. POTENTIAL CONTROL

Because of its nonambipolar nature and its relation to
central cell potential, radial ion transport is amenable to
control by adding conducting plates to the end walls of the
machine; these may be either electrically floated or biased.

Results from our first experiments using potential control
on TMK-U are shown in Fig. 3. 1In this arrangement (Fig. 3a),
two end wall electrodes at each end of the device may be either
electrically floated and the voltage measured, or switched to
ground and the current measured. The inner elliptical disc
maps to a 9.8~cm radius in the central cell, whereas the outer
electrode extends to 12.9 cm. Because the actual plasma
extends to 25 cm, these plates only influence the plasma core.

In Fig. 3b, the end plates are floating (~1200 V on the
inner plates-—similar to the central cell potential) until
t = 35 ms when they are grounded. Because the plasma sources
are Eixed, the fact that the exponential build-up rate
decreases as the plates are shorted is clear evidence of
superior confinement while the plates are floating. The
nonambipolar radial confinement time increased from 5.6 to
10.3 ms with the plates floating, a factor of 1.8, Additional
evidence of improved radial confinement is the narrower
radial-density profile before .these plates are shorted (Fig. 3c).

Additional data taken by separately grounding the inner
and outer electrodes show that suppressing the negative current
corresponds to a decrease in the outward radial ion current
rather than an increase in the outward radial electron current.

S. THERMAL BARRIER SCALING

Since the first observation of end plugging in TMX-U in
February 1983, the central cell density n. has been steadily
increased with vacuum improvements [9] and wiih higher leyels
of ICRF and ECRH heising"gower from 1.5 x 101} to 6 x 1012 em3.
Our goal is 2 x 10"~ cr °. 1In this section we describe twu
thermal barrier scaling relations.

The central cell density and temperature must be increased
concurrently to avoid excessive collisional trapping of the
ions and charge neutralizing of the warm electrons in the
thermal barrier region. In TMX-U trapped ions are removed by
charge~exchange pumping, which occurs when we inject approxi-
mately 100 atom A of neutral beam current into each end plug.
Equilibrium between the collisional filling an? charge-exchange
pumping determines the lines of constant nclT:ic2 shown in
Fig. 4a; these lines separate the repion where the thermal
barrier can be formed from the region where the barrier cannot
be formed because of insufficient pumping in TMX-U. Also
shown in Fig. 4a are data poinrs indicating where end plugging
was or was not achieved.
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Ffipure &4a also schematically depicts regions where end
plugging is either routinely observed or not observed in
TMX-U, 1In addition to collisional trapping, cold ions can be
trapped in the thermal barrier by ionization of neutral
particles penetrating the plasma; this may account for some of
the scattering of data points in Fig. 4a. We infer from Fig. 4a
that strong microinstabilities do not exist because large
departures from Goulomb processes do not occur. Figure 4a
indicat~s that the path to achieving thermal barriers at higher
densities lies in increasing the temperature of passing ions.
Central cell ions are heated by ICRF using a Faraday-shielded
double-loop antenna excited in an m = 1 azimuthal configura~
tion. Each loop subtends a 170° arc around the plasma
circumference. TIons have been heated to 2 keV in the
perpendicular direction and to 0.4 keV in the parallel
direction. In addition, we are also beginning to operate a
slot type ICRF antenna located on the other side of the central
cell midplane.

Another critical parameter for thermal barrier formation
is the fraction of hot mirror confined electrons. For TMX-U,
theory [10, 11, 12] predicts that a ratio of “e—hot/“to:al
= 0.8 is requ1red for a confining potential of ¢, > 0.

We measured the hot electron temperature for a series of shots
with a radiometer and combined our results with diamagnetism
measurements to estimate the hot electron density., We measured
the total density with a microwave interferometer. Figure 4b
depicts our data: the hot electron density data are plotted vs
total density data for shots that did and did not achieve end
plugging of central cell ions. With the exception of a single
entry, the data show that end plugging requires a large
fraction of hot electrons. In addition, the shots with end
Plugging lie close to the theoretical, minimum-required, hot-
electron fraction.
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Thermal barrier measurements in TMX-U:

(a) Axial profile of the
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plugging operation; (b) Axial measured potential profile; (¢} Time history of
ECRH power; (d) Time history of sloshing beam current; (e) Tima history of
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FIG. 3., Plasma behavior using electrically floating end plates: (a)
schematic of the end plates, (b) central cell line density vs time with the
end plates initially floating and then shorted at t = 35 ms, and (¢} ratio (R)
of line densities measured on radial chords through ro = 0 and r, = 13 cm.
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