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ABSTRACT

In the Tandem Mirror Experiment Upgrade (TMX-U)}, the formation of a
therwal barrier and the potential plugging of ion end loss were achieved at
central-cell aensities up to 2 x 1012 -3. The presence of a thermal
barrier was contfirmed by direct measurement, and jon axial-confinement times
in the range 50 to 100 ms were measured. The ECRH in the end cells (a)
initiates plasma startup, (b} generates hot, mirror-confined electrons to form
thermal barriers, and (c) creates the plugging potential for central-
cell ions. The ECRH system consists of four 200 kW, 28 GHz gyrotrons each
feeding power to a separate heating location (two in each end plug).
Fundamental heating is used at the potential plua, and second harmonic s used
in the thermal barrier. Hot-electron plasmas are produced at total end-
cell antenna power levels up to 300 kW. Strong single-pass absorption and net
hot-electron heating efficiencies exceeding 40% are observed. Hot-
electron parameters achievea are: neh/net up to 0.8, volume-average beta

<@>= 0.15, ana T {x-ray "tail" above 40 keV} in the range 75 to

200 keV.
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we ploy IGRH 1o heat central-celi 1ens, For ien heating in the
frequency range 1.7 to 4 MHz, the ICK4 anteana launchies the slow wave for
Tunganental absorption at power levels up to 100 kk. At a central censity
ne® Z X 10}k c:m'3 and freguency mﬂ”ci = 0.85 at tne antenna, 100 ka

antenna power produced a mean perpendicular ijon temperature T"_J = 1.5 keV

with overall efficiency of 40%,

Introductiaon

The ECRH is employed for plasma heating in tandem mirror devices with
thermal barriers to improve plasma confinement /1/. The ICRK is useful for
heating central-cell ions and is importent particularly during startup for
increasing the ijon temperature at low censity when neutral beam heating is
inefficient.

We compare a tandem mirror with thermal barriers to a standard tandem
in Fig. 1 /2/. In the latter device, reduction of central-cell ena losses
by potential plugging is accomplished by increasing the end-cell density
(np) above tne central-cell density (nc). The plugging potential is
given by a Boltzmann relation, o = Te in np/"c’ where Te is the
electron temperature. &n improvement in confinement by a factor 10 for this
mode of operation over unplugged flow confinement was demonstrated in the TMX
device /3/.

With tine addition of thermal parriers and localized plug electron
heating, the confining potential can be created with plug gensity lower than
central-cell density. The lower plug density relaxes technology constraints

and improves the economics for a tandem mirror reactor.




The therzal harrier 15 created by a niirvor-trapped populetion ot hot
electrons heated by LCRH. Replacement of non-trapped electrons {passina
electrons) by mirror-trapped electrons causes the potential at the weli
bottom to decrease because trapped electrons are well confined. The depth
of the potential aip is determined by the fraction of electrons that are
mirror-trappea in the barrvier (0.8 for TMX-U}. The thermal barrier
(potential dip) isolates central-cell electrons from electrons beyond the
barrier, If these electrons are heateu by ECRH, the potential is ariven up
by the increased loss rate of electrons until the ion- and electron-loss
rates are made equal. The electron density beyond the barrier is set by the
density of energetic sloshing ions created by neutral beam injection. The
energetic ions are required for MHD stability and, in addition, their
sloshing character improves ion microstability.

Maintenance of the thermal barrier against collisional filling by ions
that circulate between the central cell and end plug is achieved by charge-
exchange “punping” on the injected sloshing-ion neutral beams. The maximum

pumping rate determines the relation between central-cell ion density and

temperature (filling rate « nZ/Tﬁéz). Central-cell neutral beam
heating, as well as ICRH in the central cell, serves the important function
of increasing the central-cell ion temperature as density is raised to
decrease barrier filling by reducing ion collisionality.

The TMX-U experiment was designed to test the thermal barrier
principle. A schematic of the experiment is shown in Fig. 2. Four 28 Ghz,
200 kW pulsed gyrotrons are used for electron heating; fundamental heating
is used in the plug (B = 10 kG at the hign potential region) and 2 Wee
harmonic heating in the thermal barrier (B = 5 kG). For ICRH experiments

reported in this paper a maximum 106 kW transmitter power with frequency in

the range 1.7 to 4 MHz has been used.



Trere are 24 eeutrgl bear wogules an the expericent with nomnal
Coeratng parameters pf 17 kV oand S0 A per wodoele tor deuterium operatien.
.noeacn encg cell, sia beams are injectea at 47% to tne macnetic ax1s to
Zererdte slosning icns. Three beans are available in eash end to in2ect
mto the loss cone for guxiliary charge-exchange pumping of the thermal
arrier,  Tne remsining six beams fuel and heat the central-cell plasma.

In this paper we sunimarize our initial experiments on using ECRH for
startup of toe thermal barrier. Formation of the thermal barrier ana
potential plugging of ion ena losses was achieved at central-cell densities
ug to ¢ «x 1012 cm-s. This density is dictated by the requirements on
ECRH and ICRH power and by the maximum available neutral-beam punping raies
against thermal barrier filling. The ECRH power required for trapping and
heating hot electrons, in competition against collisional losses, scales as
PECRH @ nz/T;/z. During startup when temperatures are initially low,
the density must also be low for efficient heating. As rf power coupled to
the plasms was increased, we were able to raise plasma density in both the
central cell and the end cells, Future experiments will continue to

increase the central-cell density to 1 to 2 x 10]3 cm'3.

ECRH and ICRH Heating Systems

Two different ECRH transmission and antenna systems were used on the
experiment. The first system used an 8-arm phase-velocity coupler aesignea
to couple TE02 gyrotron power into WR4Z single-mode waveguide /4/.
tach waveguide (A3 m in lenath) was connected to a highly directional
microwave horn for illumination of the plasma. Figure 3 shows a schematic
of each system used for plug and thermal barrier heating in one end cell.
At both locations, the wave was launched with extraordinary mode

polarizaticn.
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for fundarental teating this requirea high~fiela launching ot the wave
tor accessibility to the resonant mognetic swrface.  Vacuum barrier windows
were located near the ends of the wavequiaes. The plasma is highly
elliptical in cross section at fundamental resonance bhecause nf the
quadrupole fields (min-B) needed for MHD stability of the plasma.

The 8-arm coupler system gelivered Ab0% of the gyrotron tube power to
the antennas (v70% wavegquide transmission ano “/U to 75% coupler
efficiency). The typical operating antenna-power level per system was 50 to
60 kw, PTimited by component arcing and window failure.

To reduce system losses and to allow operation at full gyrotron pawer,
we replacea each §-arm coupler system with a large waveguide transmission
system, mode converter, and polarizing antenna. The thermal barrier system
is sketched in Fig. 4. Gyrotron power is convertea from

W =2¢w,)

the TE02 to the TE01

rippled-wall mode converter /5/. lhe waveguiae output illuminates a

mode in a 2-1/2-in. waveguiae using an m = 0

focusing twist reflectour, shown in Fig. 5, which converts the TEO] mode to
linear polarization and focuses the power onto the plasme /6/. The
percentage of beam power from the plate in the extraorainary moge is about
95%. Routine operation up to 200 kW of gyratron output was achieved with
this system, with 85 to 90% of tube power in the desired polarization.

For plug heating (v = “ce)’ a Vlasov-type polarizing reflector
/7/ is used in place of the twist reflector. This system includes a down
taper to 1-3/8 ir. waveguide, corrugated waveguide 90° bends for the
TEO2 mode /8/ and a rippled-wall mode converter (TE02 + TEOI)’ followed
by the Vlasov reflector. Uie have operated the system to over 100 kK of

antenna power.
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For the (U experimentsl rosuits repurted in this gaper, Lhe gntenns
shown in 7 ig, © wds used., The antenna winding Consists 0f Lwo apposing 1Y
anguents, each consisting of 3 turns, behinu a couble-<layer faraday sni-id,
inis antenna wes used at J00-kk-power level for the frequency rence 1.7 to «
MHZ. lon heating in the central cell occuwrs using slow wave heating al e

fungamental for aeuterium.

Therual Barrier Formaticn and Plugging of lon End Loss

Forration of a thermal barrier and plugging of ion end Toss requires (1}
a hot, mirror-trapped electron population, (2) a sioshing ion-population, &nd
(3) ECKH at the outer peak of the sloshing ion population. An experimental
shot that demonstrates plugging of ion end loss and that shows the time
sequence of the experiment is shown in Fig. 7. 1he experiment is initiateg by
ECKH breakaown of a gas source in the central celi. Hot-electron dismagnetism
rapidly increases in the end plug. At 25 ms, the sloshing neutral-beam
sources are turned on, After several ms the ion end losses start to decrease,
as measured by a Faracay cup array. The time requireg for strong reduction of
«nd losses eguals the buildup time for the sioshing ions. Plugging persists
for 20 ms until turnoft of the ECKH power. During plugging, the continement
time for ion end loss is T, v 50 to 100 ms. lon ena losses then
rapidly increase on a time scale~1 ms. The time scale for loss of pluaging
is consistent with estimated electron-electron scattering times.

The requirement that a large percentage of electrons be mirror-trappea
for plugging to occur is demonstratea in Fig. 8. The hot-electron density,
calculated from a measurement ot hot-electron diamagnetism and a measurement
of temperature by a calibrated radiometer, is plotted as a function of total

gensity in the thermal barrier for shots with and without plugging. With one
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exceptaon, plugaing eccurs only for shots with "u/"tut > U.8, in good
agrecent with the thermal barrier plugging nodel.

In Fig. 9 we show the results ot direct measurements on a single shol of
the gotential profile aguring plugging /9/. These confirm the existence of a
thermal barrier and a potential peak. 1Tne neasurements were performed by
operating the experiment single-ended with plugging in one end cel), For the
measurement, we used three gridded end-1oss analyzers, wnose ion-repelling
grio is swept in voltage to measure ion energy distributions, and a 5-keV
neutral beam injected into the loss cone of the end cell.

On the end without plugging, Analyzer 1 measured the energy of escaping
jons from the central cell. These ions escape with a minimum energy equal to
ihe central-cell potentiai, ¢e = 1 kV., Analyzer 2 measures the energy of
ions born by charge exchange on a 5-keV neutral beam injecteg at the plugging
eno. Charge exchange on this beam extends from just beyona the thermal
barrier mininum to the central cell. These ions have energy
be - 0p < E; -5 < 0, Thus, the depth of the barrier, as well as a
second indepenaent neasurement of ¢e, is obtained. The measurea depth
of the barrier was be - ¢b =500 V. Finally, Analyzer 3 measures
tnhe energy of ions escaping out the plugging end. For this measurement, the
peak potential ¢p exceeded 2.4 kV, the limiting voltage available on the
jon-repeller grid. The measurec potentials, with error bounds of + 100 v,
agree with the predictions of the thermal barrier model.

TABLE 1 summarizes the plaswa parameters for which ena plugging was
abserved. Other measurements showed plugging when the central-cell density
exceeaed the plug density by a factor 2, a result which further supports tne

thernal barvier mogel.



TABLE 1. Plasma parameters for end-loss piugging.

Region Paraneter Range of values

Central cell Density, nc Up to 2 x 1012 cyr3
Electron témperature, Toc 30 - 200 eV
Ion temperatire, T;c 50 - 200 eV
Plasma potential, ¢e Up to 1400 V
Confining potential, ¢, > 1400 V

Potential plug Density, np 1-2x1012 ¢p3
Potential, p > 2400 v

Thermal barrier Hot electron fraction, ngp/n 0.8 .
Hot electron density, negp >1.5 x 1012 cgr3
Temperature, Tep 30 - 200 kev ¥
Barrier depth, ¢e - ¢} Up to 600 V

* Lower limit estimated from X-ray spectra above 1 40 kV.
Hot electron "tail" temperature from x-ray spectra above 40 kv,

Hot-Electron Production by ECRH

The generation of the hot-electrun component in the thermal barrier was
studied theoretically and experimentally for a range of plasma parameters.
Fokker-Planck and Monte-Carlo computer calculations give insight into the
heating processes /10/. Fundamental ECRH, in addition to creating the
potential peak, is believed to be important for supplying the “feed"
population for the thermal barrier electrons. Cold passing electrons from
the central cell are trapped by strong rf diffusion in the end cells. In
TMX-U, with power injected only at the fundamental, electrons are rapidly
heated to average energies in the range of 5 to 10 keV, as deduced from
measurements of diamagnetism and density. These electrons in turn are
further heated to much higher energy by harmonic heating near the magnetic

minimum,
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The primary diagnostics for hot electrons are aiamagnetic loops, x-ray
premsstrahlung, radiometers looking both perpendicular and near paraliel to
the magnetic fielo to measure plasma emission, ana interferoweters to
measure plasma line density.

The scaling of hot-electron beta with ECRH power is plotted in Fig. 10.
The volume-averaged beta <> increases in proportion to antenna input
energy over more than an orcer of magnitude. The time variation of
aiamagnetism for the largest hot-electron beta observed in TMX-U is also
shown in the figure. T7This shot achieved 15% average beta, even though
equilibrium was not yet achieved with 50 ms duration of ECRH power. For a
140-11itre hot-electron volume, the net conversion efficiency from rf power
to stored energy was 0.42 during the initial use, The final ratio of stored
energy to input energy was 0.30. More typically it is about 0.15.

To determine the axial extent of the hot electrons, we used an array of
three diamagnetic loops, spaced aleng the maagnetic axis. These measurements
fit a caussian of 64 cm nalf-width scale length. For the ragial dimension,
2 scraper probe was moved radially for a series of shots. A parabolic
ragius of 20 cm is inferred from the diamagnetic loops. A simultaneous
aecrease in perpendicular plasma emission is in agreement with the loop
data. The resulting density-weighted, hot-electron volume is V, = G/; 64)
1(20)% =140 litre.

From Fokker-Planck calculations, we found buildup of hot electrons by
rf trapping of passing electrons to be dependent on central-cell density
/10/. If the density is too low, trapping is source limited. if gensity is
too high, tne trapping evrficiency decreases because of collisional losses.
These eftects are shown in Fig. 11 with ECRH powrr as a parameter. The

heating rate is measurea from the rate of rise of diamagnetism at constent
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censity. Foi tae Hearn couplor system ang S0-ki attcnna power al botk
resonances, saxlun erficiency occurs for @ central-cell density

-

b€ 1 x IU]] cw Y. At four-times higher power in the ihernel barrier,
using the large waveguide system, tie pesk efticiency occurs at density

ne ﬁ.] X 10]2 cnf3. At the higiher power level, central-cell

electron temperatures ;ieasured by Thompson scatiering were in the range 40
to 100 eV. As electron temperaturce incresses with improvea plasma
conftinement, the density for peak heatiny efficiency is alse expected to
increase.

The theoretical single-pass fractional absorption ¢f ECKH power in the
thermal barrier is near unity for TMX-U hot-electron aensities. This is
confirmed by measurement of beam transmission in the thermal barrier using
an array of waveguide probes located on the plasma side opposite to the
twist refie~tor antenna.™ These wavequides view transmission tnrough chords
of the plasma.

We show in Fig. 12 diamagnetism, thermal barrier ECRH transmission
through the plasma center (y = 0), plasma line density, and perpendicular
plasma emission for a shotl that reaches a maximum beta, <B> = (.09.

Before gas breakdown, the unattenuated receiver ECRH power is 200 W.
Caincioent with the rise of diamagnetism, there is an abrupt cecrease of
transmission. For the remainder of the pulse, transmission varies from
about zero to 40%. Fluctuation of transmission correlates with variation in
the diamagnetism rate of rise and the iine density. Plasma emission
initially rises rapidly and then increases more slowly after 20 ms. The
non-thermal burst emissions seen in the 35-GHz radiometer signal are
evidence for rot-electron microinstability. However, no large losses or

limits on heating were observed because of these instabilities. Following
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turnoff of the therma) barrier ECRH at 55 ms, the diamagnetlism gecays €ven
thuugh the fundamental power is left on until 65 ms.

The ECRH transmission through plasnma chords is generally greater than
through the diameter, which is consistent with peaking of hot-electron
aensity on axis. Measurements of x-ray bremsstrahlung spectra at energies
greater than 40 keV reveal a hot-electron "tail” temperature reaching
176 keV at the end of the pulse. The density of the tail corresponds to
A7 A 10]] c"f3, an estimated 30 to 40% of total density. At electron
temperature above 50 to 75 keV, the interferometer is not an accurate
measurement of aensity because of relativistic corrections in the dielectric
constant /11/. Thus, the interferometer dita decays more rapidly than tne
diamagnetism because of loss of lower energy electrons,

X-ray temperatures ana densities measured for other shots vary over the
range 75 to 200 keV ana up to 1.5 x 10]2 cm-3, respectively. The x-ray
spectra below 40 keV was not measured for this gata. We expect a
non-Maxwellian hot-electron distribution from the Fokker-Planck ana Monte
Carlo mogels. Thus, we believe that the hot-electron density estimated from
present x-ray deta is a lower 1imit on total mirror-trapped aensity.

We calculated apsorption in the thermal barrier, using a relativistic
ray-tracing code which includes harmonics & > 2 /12/. Preliminary
calculations obtained by using an approximate model for the TMX-U magnetic
field are plottea in Fig. 13. These calculations were carried out for 3
constant density n = 1 x 1012 cm"3 and for temperatures from 5 to 100 keV.
As the temperature was increased, the effect of plasma beta was simuiatea by
resucing the magnetic field uniformly by a factor\/T_:ﬂ:g;j— The microwsve
peam is launched near the magnetic minimum (z = 0) through tne thin siue of

the plasma fen. The wavequide array that views the transmitted power

samples rays for K, << 1.
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Fron the colculations we see that rvefraction s neqiigidle ang thot
abserpt .on is streng, even for Te = 5 ke¥. This 1$ due to the large
nmagnetic scale lenath LB = 506 cm. As temperature increases, absorpticn
Tirst gecreases ang then iucreases. At 100 keV, avsorption is strongy and
insensitive to spatial location. While these model calculations are only «
rough approximation to the ThHX-U experiment, they are consistent with
experimental measurements and predict absorption of tne same order of

magnitude.

Central-Cell Heating by ICRH

Experinents to heat central-cell jons in the low density range of
1U]2 cnf3 were carried out Qsing the antenna shown in Fig. 6 /13/. Une
aavantage of ICRH is the efficient jon heating at low density, which aids
thernal barrier startup when neuvtral beém trapping efficiencies are low.

In TMx-U we couple up to 100 ki of transmitter power into the antenna
at densities up to 2 x 1012 cm-3. A data shot at 100 kw of antenna
power and central-cell density of 2 x ]0]2 cm-3 is shown in Fig. 14.
The transmitter frequency was 2.48 MHz, corresronding to wﬁ“ci = 0.85
at the antenna and 1.08 at the central-cell midplane. Ouring the rf pulse,
the mean perpendicular ion temperature, as measured by diamagnetism,
increased to T1c1 = 1.5 keV. Of the total 100 kW antenna power, 72 kW was
radiated and 40 kW appeared as ion diamagnetism, an averall ion-heating
efficiency of 40%. Ion lifetimes were in the range 2 to 4 ms, which we
believe is limitea by charge exchange and electron drag.

UDuring the rf pulse we also measure an approximate increase by a factor

of 2 in parallel ion temperature, from 75 to 150 eV, for ians lost out the

ends. Since ijons are heatea by ICRH near the magnetic fielG mininum, their




-13-

cnrsotropy s large, Wic: >> Ticﬂ' DBuring the average litetite ot 2
10 < us, there is insufticient collisional angular <cattering to reach 4
gistribution that fills out to the wirrors, even though an ott-migplane
diamagnetic loop shows evidence of angular broadening. he believe this
accounts tor the smaller increase of parallel jon eneray for escapiny ions

comparea to the incCrease in perpengicular energy.

Summary

Our initial experiments to improve tandem mirror confinement with
thermal barriers confirm the essential features of the thermal barrier
model. We have measured both the dip in potential at the barrier and the
potential peak in the end cell that exceeds the central-cell potential. Hot
mirror-confined electrons in the thermal barrier, a sloshing ion population
in the end cell, ana electron heating at the outer peak of the sloshing ions
are required for plugging of ena losses. Axial ion confinement tines

T in the range 50 to 100 ms were measured. Depenaing on operatinag

ill
conditions, non-anbipolar radial transport confinement times ranging from 5
to 100 ms were observed. Because this radial transport appears mpst
strongly driven by fundaniental ECKH, we are exploring more uniform and
azinuthally symmetric heating schemes.

Generation of hot electrons by using ECRH ana heating central-cell ions
with ICRH was achieved with efficiencies up to 40%. As the rf power was
increased, the central-cell and end-celi density for end-loss plugging was
also increased. Figure 15 summarizes operation at higher central-cell
density with increases in ECRH and ICRH power.
ke expect further increases in density by (a) improvement in plasma

core heating by reorienting neutral beams in the central cell, (b)



VS

ioproverent 1n central-cell vacuum to recuce losses against charae exchienge,
ana (¢) aduition of a second ICRH antenna system, & slottec antenna /13/ of

izproved efficiency, to the central cell to increase rf heating power.
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Fig. 1.

Tandem mirror operating modes.
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Fig. 3. Microwave antennas in end cell of TMX-U powered by 8-arm coupier.

The plasma cross-sections are shown at each heating location.
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Fig. 4. Large waveguide system in TMX-U employing focusing twist reflector

for thermal barrier heating.



fig. 5. Photograph of focusing twist retiector. The grooved section

dimensions are 22 cm x 34.5 co.
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Typical high-beta hot-electron buildup showing strong ECRH

absorption in the thermal barrier and correlation with fluctuations in

diamagnetism.

Radiometers measure hot-electron emission and non-thermal

bursts associated with (weak) instability.
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Fig. 13. Ray tracing calculation of absorption in the thermal barrier of
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central density, (b) ICRH antenna power, (c) central-cell ijon perpenaicular
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Fig. 15. Increases in central-cell density for plugging, which results from

improvements in the plug vacuum and increases in ECRH and ICRH power.



