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ABSTRACT

The U.S. mirror program has begun conducting experiments with a thermal barrier
tandem mirror configuration. This configuration requires a specific axial potential profile
and implics measurements of potential for documentation and optimization of the config-
uration. This report briefly outlines the motivation for the thermal barrier tandem mirror
and then outlines the techniques used to document the potential profile in conventional and
thermal barrier tandem mirrors. Examples of typical data sets from the world’s major tan-
dem mirror experiments, TMX and TMX-U at Lawrence Livermore National Laboratory
(LLNL) and Gamma 10 at Tsukuba University in Japan, and the current interpretation of

the data are discussed together with plans for the future improvement of measurements of
plasma potential.
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1. INTRODUCTION

The U.S. mirror program is presently creating and sustaining 2 thermal barrier tag-
dem mirror configuration. An integral part of the learning process is the ability to measure
properties of the thermal barrier, the most obvious of which is the plasma potential in the
barrier region relative to the plasma potential elsewhere along the device axis. This report
addresses the current stats of thermal barrier potential diagnostics, first by discussing the
need for a thermal barrier, second by. discussing the measurement techniques available,
third by focusing on the techniques and on the ambiguities with published data, and fourth
by describing diagnostic improvements under way.

2. MOTIVATION FOR A THERMAL BARRIER

A tandem mirror consists of two essential features: a long solenoidal mirror or central
cell that provides radial confinement with a uniform magnetic field and end cells that pro-
vide axial plugging of the central cell by local electrostatic fields. Stability is also required,
but this will not be discussed here. The essence of a tandem mirror confinement scheme is
axial electrostatic confinement of central-cell ions with a potential in the end cell that is
more positive than that in the central cell. This is done by intense neutral beam injection
into the end-cell mirror, which raises the end-cell or plug density above the central-cell
density. The potential in the plug goes as the Boltzmann relation,

$p o T ln(np/nc) s

where n, is the plug density, n; is the central-cell density, and T is the plug electron tem-~
perature. The axial potential profile of a conventional tandem mirror! is shown schemati-
cally in Fig. 1.

The plug potential ¢, is sustained by the neutral beams; ¢, is the central-cell potential
that is achieved through any combination of neutral beam heating, ion cyclotron heating
(ICH), and/or electron cyclotron heating (ECH); and ¢, is the ion confining potential. The
intense neutral beam injection in the end cells also raises the electron temperature in the
end cell. However, electrons are isothermal along field lines because the clectron thermal
conductivity is large, and, as a result, the power required to maintain the centrai-cell elec-
tron temperature at the plug electron temperature would seriously degrade the efficiency of
a conventional tandem mirror reactor.

A recent innovation, the thermal barrier,? provides axial thermal 1solat10n by the addi-
tion of a potential dip, ¢, just inboard of the ion plugging potential, ¢,. The thermal bar-
rier is formed by creating a sloshing ion population with neutral beams and a trapped hot
electron population with ECH. The essential features of the axial potential profile in a
thermal barrier tandem mirror are shown in Fig. 2.

The potential dip electrostatically confines electrons to the central cell; only those
electrons with parallel energy greater than e¢, at the barrier can leave the central cell. As
a result, the axial electron confinement thermally isolates the colder central»cell electrons
from the hotter plug elcctrons
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Fig. 1. Schematic diagram of the axial potential profile of a conventional tandem mirror.
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Fig. 2. Essential features of the axial potential profile of the thermal bar-
rier tandem mirror.

3. POTENTIAL MEASUREMENT TECHNIQUES

Clearly the measurement of an axial and radial profile of the poteatial as a function
of time is necessary to follow the development of the thermal barrier and axial plugging.
Unfortunately, there are few diagnostics that can measure potential. Langmuir probes,
end-loss analyzers (ELAs), and heavy-ion beam probes (HIBPs) provide the most direct
measurements. In addition, spectroscopy can infer the direction and magnitude of a radial
electric field by measuring the Doppler shift of emitted light. The standard for many years



had been the Langmuir probe; a large array could adequately provide potential profiles,
but the energy density of present tandem mirror plasmas, particularly those with intense
neutral beam injection, would destroy the probe. The HIBP can supply accurate, time-
resolved radial potential profiles; TMX-U and Gamma 10 have operating systerns. How-
ever, the present primary concern is the time-resolved axial potential profile because axial
plugging is lost during interesting high-density experiments. The principal diagnostic used
on mirror devices for axial potential information is an array of ELAs. An ELA is a passive
diagnostic that is used to collect positive ions flowing out of the ends of mirror cells along
field lines. The entrance aperture of the ELA defines the size of the flux tube observed.

Details of the design and operation of an ELA are found in an excellent paper by
Molvik.? The ion current arises from ions that enter the loss cone of the mirror cell and
are no longer confined. The mirror plasma remains stable if the loss-cone ions are replaced
from the outside. As a result, the stable mirror plasma remains close to » Maxwellian dis-
tribution, f{v) oc exp(—mv?/2KT). Because a mirror-cell plasma develops a positive poten-
tial, ELA data are used to determine the peak potential and the average ion temperature?
within the flux tube.

The basic piece of ELA data is a plot of In(f) vs V, the natural logarithm of the
measured end-loss ion current as a function of swept ion repeller voltage. One complete
sweep can be obtained on the order of milliseconds, and with experiments that last several
tens of milliseconds, time-resolved data have been obtained with ELAs. The characteristic
shape of ELA data for a simple mirror is shown in Fig. 3.

The interpretation of the data is that the break in the curve or knee represents the
peak plasma potential within the flux tube and that the inverse slope is proportional to the
average jon temperature within the flux tube. This can be further understood by examining
the total energy of a single particle. Within the plasma, the total energy of the particle is

Er = 12mv? + e¢ + uB .
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Fig. 3. The characteristic shepe of end-loss analyzer (ELA) dats for a
simple mirror.



At the location of the ELA, the magnetic field is much smaller than in the plasma so that
there is very little energy in cyclotron motion and the velocity is primarily along magnetic
field lines. The total energy at the ELA can be rewritten as

Ep = 1/’2mvﬁ t+ed, .

That the slope of the curve is inversely related to ion temperature comes from the Max-
wellian nature of those particles lost through the loss cone. The constancy of the current
until the ion repeller voltage reaches the peak potential value occurs because even zero-
velocity particles gain a minimum energy of e, as they fail out of the plasma.

An ELA can be used as a passive diagnostic on 2 tandem mirror but with some limi-
tations. For example, no information can be obtained from the central cell when both ends
of the central cell are electrostatically plugged; essentially no central-cell ions reach the
ELA. The ELA can still measure the peak potential and ion itemperature of the plug.
Information about the central cell can be obtained if the tandem is operated in a single-
ended mode, that is, only one plug operating as shown in Fig. 4. ELA 1 would provide
plug ¢, and T;; ELA 2 would provide central cell ¢, and T;. It is assumed that the axial
potential profile within the central cell is flat and that the ELA measurement of ¢, can
accurately characterize the potential. On TMX a measurement of the axial potential at the
central-cell midplane by an HIBP agreed with the ELA measurement.’

Detecting the thermal barrier potential requires active probing of the plasma with a
diagnostic neutral beam and subsequent energy analysis of the beam particles by an ELA.
As configured on TMX-U, the beam is aimed at a shallow angle to the machine axis and
does not intercept the axis until the beam is in the region of the thermal barrier. The ELA
looks along a flux tube centered on the machine axis. The spatial extent of the beam is
comparable to the axial extent of the thermal barrier region, so alignment is critical. Beam
neutrals that are ionized within the flux tube of an ELA placed at the opposite end of the
tandem, as shown in Fig. 5, are detected by the ELA. Also shown is the characteristic
In(f) vs ¥V curve.
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¢
ELA 2 P\ ELA
— Pe ‘l I

Fig. 4. Axis! potential profile of a tandem mirror operating in & single-ended mode.
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Fig. 5. ELA enecrgy analysis of beam particles from 2 diagnostic neutral beam.

At the point of ionization, each beam ion behaves as a test particle. The spread in
energy of these ions is a direct measure of the potential variation along the observed flux
tube where they are created. The crossed-beam nature of the configuration uniquely
defines the axial position of the measurement. The ELA is adjusted to sweep from just
below the beam voltage (Vpeam) to several kilovolts above it. As seen from Fig. §, the first
break in the curve occurs at voltage Vi, + ¢, where 8¢, is the potential at the bottom
of the thermal barrier. The second break in the curve occurs at the voltage Vicam + e,
where ¢, is the central-cell potential. The difference in voltage between the two breaks is
the barrier depth ¢,. Neutral beams do not have 100% of their output at the desired
energy; some fraction is at one-half and one-third energy. On TMX-U, the ELA has been
typically adjusted to examine the one-third energy component. A sample of actual TMX-U
ELA data® from thermal barrier measurements is shown in Fig. 6. A 15-keV diagnostic
neutral beam was used so that the one-third energy beam component was at 5 keV. On the
Japanese thermal barrier tandem mirror, Gamma 10, the thermal barrier is formed in an
axisymmetric simple mirror region. As a result, the HIBP is more suitable for potential
measurements in the plug region. Measurements from Gamma 10’s two HIBP systems, in
the plug and central cell, are consistent with potential measurements on TMX-U.

4. DISCUSSION OF PUBLISHED DATA

This section illustrates data from two major tandem mirrors in the United
States—TMX and TMX-U. Axial potential data from TMX>' are shown in Fig. 7. High
confidence is given to the axial location of the potential peaks because of measurements of
the axial density profile and because of the relation of the axial density profile to the
potential profile through the Boltzmann relation given in Sect. 2. The measurements were
made by a combination of two techniques: an axial array of beam attenuation detectors to
supply the relative density profile and a single-point, absolute density mecasurement by
Thomson scattering to calibrate the profile. There is also high confidence in the ¢, meas-
urement because the same value was obtained by an ELA and an HIBP when the device
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natural logarithm of the detected current demsity vs repeller voltage. Listed are the results of the
measurement.

was operated single endedly. TMX showed a plugging potential ¢, of about 500 V, a
central-cell potential ¢, of about 400 V, and an ion confining potential ¢; of about 100 V.

Published data® for TMX-U claiming to show evidence for a thermal barrier are
shown in Fig. 8, and, as illustrated, the device was run single endedly for this measure-
ment. For completeness, Gamma 10 data® used for making the same claim and presented
at a recent IAEA meeting are shown in Fig. 9. The Gamma 10 data are from experiments
with both ends plugged. Only TMX-U data will be discussed further because the details of
the experiments and measurements on Gamma 10 will be published shortly. There are a
number of experimental ambiguities with the TMX data. First, the peak plugging potential
could be stated only as a lower bound, as the maximum ELA 3 repeller bias (2.4 kV) was
insufficient to repel any of the plasma ions escaping from the plug. Second, the HIBP was
not operating reliably at this time to corroborate the measurement of ¢, although the pas-
sive ELA 2 does provide the same pumber as the active beam/ELA 1 combination. For
the experimental period ending in May 1985, double-ended experiments with an operating
HIBP have provided ¢, measurements that are significantly lower than those provided by
the active beam/ELA. The discrepancy may be caused by known calibration difficulties
with the HIBP that only very recently appear to have been corrected. No new data from
the HIBP have been taken. The axial potential prefile may be as in Fig. 10.
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Fig. 7. Measured axial profiles of magnetic field, plasma density, and potential, shown
to scale, for TMX.

Should recalibration not change the HIBP data, a reinterpretation of the active
beam/ELA data is in order. Other interpretations have to do with the lack of knowing
accurately where the measurement is being made. Recall that this method requires that
the resolution volume be large enough to cover the predicted axial extent of the thermal
barrier region. In addition, the resolution volume is fixed along the axis by the rigid
mounting and aiming of the diagnostic neutral beam, so the data could be explained by an
unanticipated axial shift of the desired profile or by a misalignment of the beam. The data
could also be consistent with other entirely different and completely unexpected potential
profiles that have nothing to do with alignment. Figure 11 is a schematic of the potential
profile that highlights the present state of axial ambiguity with error bars in axial position
for the measurements. It is clear that any number of profiles can be drawn through these
points.

Another experimental difficulty is that there are no axial density profile measure-
ments available for the plug during thermal barrier, strong end-plugging experiments.
Thomson scattering does not work in the TMX-U plug as it did in TMX. There are some
hardware difficultics, but the main reason is that the density there is much lower than in
TMX. The lowest documented density measurement!® by Thomson scattering (2 X
10'"! ¢cm™3) is the level of expected density in the plug. This does not point out a problem
with a thermal barrier tandem mirror because a goal of thermal barrier resecarch is the
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Fig. 11. Schematic disgrem of the potential profile highlighting the present state of axial
ambiguity of potentizl measurements.

ability to support a high-density central cell with a low-density plug. This is simply an
experimental measurement problem.

Part of the resolution will come from a reliable, absolute calibration of the HIBP.
Since Thomson scattering is difficult to do in the plug plasma, a microwave interferometer
and an axial array of secondary emission detectors are being installed to obtain the axial
density profile. In addition, the ELA used with the diagnostic neutral beam has been
replaced by an end-loss ion spectrometer (ELIS!!), a virtual copy of the E||B ion spectrom-
eter built for the Tokamak Fusion Test Reactor (TFTR). This device does not require a
swept voltage, so it can provide much better time resolution. This instrument is mass-
sensitive and will be used together with gas puffing of trace gases into the plug plasma
near the potential peak to determine the plug ¢, during strong thermal barrier end plug-
ging. These improvements for better data and several others under way should provide for
interesting physics debates over the weeks to come.
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5. SUMMARY

In sumimary, this paper has outlined technigues to obtain one of the most fundamental
measurements on a tandem mirror—the plasma potential. The techniques employed to
measure axial poiential for conventional and thermal barrier tandem mirrors have been
discussed. Examples of typical dafa sets and their current interpretation have been dis-
cussed, together with plans for the future improvement of measurements of potential.
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