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ABSTRACT 

In the Tandem Nirror Experiment Upgrade (TMX-U), the formation of a 

thermal barrier and the potential plugging of ion end loss were achieved at 
12 -3 central-cell aensities up to 2 x 10 cm . The presence of a thermal 

barrier i*as confirmed by direct measurement, and ion 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 plug, and second harmonic is 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: n
e h / n

e t UP t 0 °-8» volume-average beta 

<B>= 0.15, ana T x (x-ray "tail" above 40 keV) in the range 75 to 

200 keV. 
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UP t~:vplo.y U\H to hoot central-eel i lens. For ion hc.Hir.u in the 
frequency ra!it,e 1.? to 4 "Hz, the ICI(!1 antenna launches the slow wave lor 
funoaiiiental absorption at power levels up to 100 kk. fit a central censuy 
n = 'I x 10 en" and frequency w/w , = O.fcb at tne antenna, 100 kh 
antenna power produced a mean perpendicular ion temperature T. = 1.5 keV 
with overall efficiency of 40%. 

Introduction 

The ECRH is employed for plasma heating in tandem mirror devices with 

thermal barriers to improve plasma confinement /!/. The ICRH is useful for 

heating central-cell ions and is important particularly during startup for 

increasing the ion temperature at low aensity when neutral beam heating is 

inefficient. 

We compare a tandem mirror with thermal barriers to a standard tandem 

in Fig. 1 111. In the latter device, reduction of central-cell ena losses 

by potential plugging is accomplished by increasing the end-cell density 

(n ) above tne central-cell density (n ). The plugging potential is 

given by a Boltzmann relation, <t> = T In n /n , where T is the 

electron temperature. An improvement in confinement by a factor 10 for this 

mode of operation over unplugged flow confinement was demonstrated in the ThX 

device 13/. 

With the addition of thermal Barriers and localized plug electron 

heating, the confining potential can be created with plug aensity lower than 

central-cell density. The lower plug density relaxes technology constraints 

and improves the economics for a tandem mirror reactor. 



The tiit-r̂ aH harrier is created by o mirror-trapped population ot hot 

electrons heated by tCKH. Replacement ot non-trapped electrons (passino 

electrons) by mirror-trapped electrons causes the potential at the well 

bottom to decrease because trapped electrons are well confined. The depth 

of the potential dip is determined by the fraction of electrons that are 

mirror-trappea in the barrier (-\,0.8 for TMX-U). The thermal barrier 

(potential dip) isolates central-cell electrons from electrons beyond the 

barrier. If these electrons are heatea 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. Ihe 

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 "pumping" on the injected sloshing-ion neutral beams. The maximum 

pumping rate determines the relation between central-cell ion density anri 
2 3/2 temperature (filling rate* n /I• ). 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 col 1isionality. 

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 u> 

harmonic heating in the thermal barrier (B = 5 kG). For ICRH experiments 

reported in this paper a maximum 100 kW transmitter power with frequency in 

the range 1.7 to 4 MHz has been used. 



Ii-.oro are 2-t neutral bean i:iooules on the experin.^nt with nominal 
vTtri'atMic parameters of 17 kV and 60 A per module tor deuterium operation. 
'.r, each c-nc cell, six beams are injected at 47° to tne macnetic axis tn 
crt.erc-ti? slosinnt iens. Three beams are available in eaUi end to inject 
into the less cone for auxiliary charge-exchange pumping of the thermal 
bjrrier. Tne remaining six beams fuel and heat the central-cell plasma. 

In this paper we summarize our initial experiments on using ECRH for 
startup of tiie thermal barrier. Formation of the thermal barrier ana 

potential plugging of ion end losses was achieved at central-cell densities 
12 -1 

up to 2 x 10 cm ". This density is dictated by the requirements on 

ECRH and ICRH power and by the maximum available neutral-beam pumping rates 

against thermal barrier filling. The ECRH power required for trapping and 

heating hot electrons, in competition against collisional losses, scales as 
2 1/2 P p r R H

 a n /T . During startup when temperatures are initially low, 
the density must also be low for efficient heating. As rf power coupled to 

the plasmo was increased, we were able to raise plasma density in both the 

central cell and the end cells. Future experiments will continue to 
13 -3 increase the central-cell density to 1 to 2 x 10 cm . 

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 designee 

to couple T E n ? gyrotron power into WR42 single-mode waveguide /4/. 

Each wavequioe (%3 m in length) 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 

polarization. 



For fundamental heatinp, this required hiph-fielo launching ot the wave 

tor accessibility to the resonant magnetic surface. Vacuum harrier windows 

were located near the ends of the waveguides. The plasma JS hiqhly 

elliptical in cross section at fundamental resonance because of tiie 

quadrupole fields (min-B) needed for MUD stability of the plasma. 

The 8-arin coupler system delivered xbO% of the qyrotron tube power to 

the antennas ("̂ 70% waveguide transmission ano "\7U to 75% coupler 

efficiency). The typical operating antenna-power level per system was 50 to 

60 kw, limited by component arcing and window failure. 

To reduce system losses and to allow operation at full gyrotron power, 

we replaceo each 8-arm coupler system with a large waveguide transmission 

system, mode converter, and polarizing antenna. The thermal barrier system 

(co ̂  l w c ) is sketched in Fig. 4. Gyrotron power is converted from 
the T E n o to the TE n, mode in a 2-1/2-in. waveguiae using an m = 0 02 01 ' 3 3 
rippled-wall mode converter /5/. The waveguioe output illuminates a 

focusing twist reflector, shown in Fig. 5, which converts the TE()-, mode to 

linear polarization and focuses the power onto the plasma /6/. The 

percentage of beam power from the plate in the extraorainary mooe is about 

95%. Routine operation up to 200 kW of gyrotron output was achieved with 

this system, with 85 to 90% o f tube power in the desired polarization. 

For plug heating (u) i M ), a Vlasov-type polarizing reflector 

HI is used in place of the twist reflector. This system includes a down 

taper to 1-3/8 in. waveguide, corrugated waveguide 90 bends for the 

T E Q 2 mode /8/ and a rippled-wall mode converter (TE 0 ? •* T E n l ) , followed 

by the Vlasov reflector. We have operated the system to over 100 kW of 

antenna power. 



-D-

fcr the IC«ii pxporinu-ntol rosuUs reported in this ;JOPIT, fit: a*iti»-.rij 
shown in fig. 6 was used. The antenna winding consists ot two opposing l.'uk 

si;r(:;:ents, each consisting of 3 turns, behind a c.outile-layer Faraday stur-id. 
Tnis antenna was used at lUO-Kw-power level for the frequency ranee 1.1 to •. 
'••Hz. ion heating in the central cell occurs using slow VUOVP heatint. at tn..-
fundamental for aeuterium. 

Thermal barrier Formation and Plugging of Ion End Loss 

Formation of a thermal barrier and plugging of ion end loss requires (1) 

a hot, mirror-trapped electron population, (2) a sloshing ion-population, and 

(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. The experiment is initiated by 

ECKH breakaown of a gas source in the central cell. Hot-electron di3magnetism 

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 Faraaay cup array. The time requirea for strong reduction of 

end losses equals the buildup time for the sloshing ions, Plugging persists 

for 20 ms until turnoft of the ECKH power. During plugging, the confinement 

time for ion end loss is T ... ^ bO to 100 ms. Ion eno losses then 

rapidly increase on a time scaler! ms. The time scale for loss of plugging 

is consistent with estimated electron-electron scattering times. 

The requirement that a large percentage of electrons be mirror-trappeo 

for plugging to occur is demonstrated in Fig. 8. The hot-electron density, 

calculated from a measurement ot hot-electron diamaqnetism and a measurement 

of temperature by a calibrated radiometer, is plotted as a function of total 

density in the thermal barrier for shots with and without plugging. With one 
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excepnon, plugging occurs only for shots with »,/n t o t > ^-8, in good 

agre(r"ient with the thermal barrier plugging model. 

In Fig. 9 we show the results of direct measurements on a single shot of 

the potential profile curing plugging /9/. These confirm the existence of a 

thermal barrier and a potential peak. The measurements were performed by 

operating the experiment single-ended with plugging in one end cell. For the 

measurement, we used three gridded end-loss 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 

ions from the central cell. These ions escape with a minimum energy equal to 

tne central-cell potential, <j> = 1 kV. Analyzer 2 measures the energy of 

ions born by charge exchange on a 5-keV neutral beam injectea at the plugging 

eno. Charge exchange on this beam extends from just beyond the thermal 

barrier minimum to the central cell. These ions have energy 

4> - <j>b<_ E, - 5 £ (j> . Thus, the depth of the barrier, as well as a 

second indepenaent measurement of fy , is obtained. The measured depth 

of the barrier was $ - <f>h = 500 V. Finally, Analyzer 3 measures 

tne energy of ions escaping out the plugging end. For this measurement, the 

peak potential $ exceeded 2.4 kV, the limiting voltage available on the 

ion-repel ler grid. The measureo potentials, with error bounds of +_ 100 V, 

agree with the predictions of the thermal barrier model. 

TABLE I summarizes the plasma parameters for which eno plugging was 

observed. Other measurements showed plugging when the central-cell density 

exceeaea the plug density by a factor 2, a result which further supports tne 

thermal barrier moael. 
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TABLE I. Plasma parameters for end-loss plugging. 

Region Parameter Range of values 

Central cell Density, n c Up to 2 x 10' 2 cm - 3 

Electron temperature, T e c 30 - 200 eV 
Ion temper at ire, T i c 50 - 200 eV 
Plasma potential, ;|>e Up to 1100 V 
Confining potential, <fic > 1400 V 

Potential plug Density, n p 1 - 2 x 1 0 1 2 cm" 3 

Potential, <f)p > 2400 V 
Thermal barrier Hot electron fraction, n e n/n 1.0.8 

Hot electron density, n eh > 1.5 x 1 0 1 2 cnr^ 
Temperature, T eh 30 - 200 keV 
Barrier depth, <J>e - ^ Up to 600 V 

** 

Lower limit estimated from X-ray spectra above T-40 kV. 
Hot electron "tail" temperature from x-ray spectra above 40 kV. 

Hot-Electron Production by ECRH 

The generation of the hot-eleccron 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 ere aiamagnetic loops, x-ray 

bremsstrahlung, radiometers looking both perpendicular and near parallel to 

the magnetic fielo to measure plasma emission, ana interferometers to 

measure plasma line density. 

The scaling of hot-electron beta with ECRH power is plotted in Fig. 10. 

The volume-averaged beta <6> increases in proportion to antenna input 

energy over more than an order of magnitude. The time variation of 

oiamagnetism for the largest hot-electron beta observed in TMX-U is also 

shown in the figure. This shot achieved 15% average beta, even though 

equilibrium was not yet achieved with 50 ms duration of ECRH power. For a 

140-litre hot-electron volume, the net conversion efficiency from rf power 

to stored energy was U.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 usea an array of 

three diamagnetic loops, spaced along the magnetic axis. These measurements 

fit a oaussnan of 64 cm naif-width scale length. For the raaial dimension, 

a scraper probe was movpa radially for a series of shots. A parabolic 

raaius of 20 cm is inferred from the diamagnetic loops. A simultaneous 

decrease in perpendicular plasma emission is in agreement with the loop 

data. The resulting density-weighted, hot-electron volume is V, =; (VTT 64) 

TT(20) 2 ~ 140 litre. 

From Fokker-Planck calculations, we found buildup of hot electrons by 

rf trapping of passing electrons to be dependent on cent>al-cell density 

/10/'. If the density is too low, trapping is source limited, if aensity is 

too high, tue trapping efficiency decreases because of collisional losses. 

These effects are shown in Fig. 11 with ECRH powrr as a parameter. The 

heating rate is measured from the rate of rise of Gian'agnetisiri at constant 
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CetiMly. res tue ti-ara coupler i-.ystP.ii ana 50-klv ontcnn^ power jl both 
resonances, inaxisMî . efficiency occurs for a central-ce1! density 
ti < 1 x 10 cm" 0. At four-times higher power in the thermal barrier, 
using the large waveguide system, the peak efficiency occurs at density 

12 -3 n c <_ 1 x 10 cm . At the higher power level, central-cell 
electron temperatures measured by Thompson scattering were in the range 10 
to 100 eV. As electron temperature; increases with improveo plasma 
confinement, the density for peak heating efficiency is also expected to 
increase. 

The theoretical single-pass fractional absorption cf 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 reflector antenna.~ These waveguides view transmission tnrough chords 
of the plasma. 

We show in Fig. 12 diamagnetism, thermal barrier ECKH transmission 
through the plasma center (y = 0 ) , plasma line density, and perpendicular 
plasma emission for a shot that reaches a maximum beta, <B> = 0.09. 
Before gas breakdown, the unattenuated receiver ECRH power is 200 W. 
Coincioent with the rise of diamagnetism, there is an abrupt aecrease 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 line 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 hot-electron microinstability. However, no large losses or 
limits on heating were observed because of these instabilities. Following 

http://i-.ystP.ii
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turnoff of the thermal barrier ECRU at 5b ins, the diamacnetism decays even 
though the fundamental power is left on until 65 ms. 

The tCRH transmission through plasn<a chords is generally greater than 
through the diameter, which is consistent with peaking of hot-electron 
aensity on axis. Measurements of x-ray liremsstrahlung spectra at energies 
greater than M O keV reveal a hot-electron "tail" temperature reaching 

176 keV at the end of the pulse. The density of the tail corresponds to 
11 -^ •\J A 10 cm , 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 /ll/. Thus, the interferometer data decays more rapidly than tne 

diamagnet'ism because of loss of lower energy electrons. 

X-ray temperatures ana densities measured for other shots vary over the 
1? -3 range 75 to 200 keV ano up to 1.5 x 10 cm , respectively. The x-ray 

spectra below 40 keV was not measured for this aata. We expect a 

non-MaxwRllian hot-electron distribution from the Fokker-Planck ana Monte 

Carlo moaels. Thus, we believe that tne hot-electron density estimated from 

present x-ray data is a lower limit on total mirror-trapped aensity. 

We calculated aDsorption in the thermal barrier, using a relativistic 

ray-tracing code which includes harmonics % >_2 /1Z/. 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 a 
12 -3 constant density n = 1 x 10 cm and for temperatures from 5 to 100 keV. 

As the temperature was increased, the effect of plasma beta was simulatea by 

reoucing the magnetic field uniformly by a factorVl - <g>. The microwave 

beam is launched near the magnetic minimum (z = 0) through tne thin siae of 
the plasma fan. The waveguide array that views the transmitted power 
samples rays for It « 1. 



Frcn the calculations we see that refraction is nogiiqi&le anO that 
afcsorpt .on is strong, even for 7 = 5 ke'J. This is due to the large 
Magnetic scale lenath L,. = 500 cm. As temperature increases, absorption 
first uecreases ana then increases. At 100 keV, absorption is strong and 
insensitive to spatial location. While these model calculations are only <i 
rough approximation to the TMX-U experiment, they are consistent with 
experimental measurements and predict absorption of tne same order of 
magnitude. 

Central-Cell Heating by ICRH 

Experiments to heat central-cell ions in the low density range of 
12 -3 lu cm were carried out using the antenna shown in Fig. 6 /13/. One 

aavantage of ICRH is the efficient ion heating at low density, which aids 

thermal barrier startup when neutral beam trapping efficiencies are low. 

In TMX-U we couple up to 100 kW of transmitter power into the antenna 
12 -3 at densities up to 2 x 10 cm . A data shot at 100 kto of antenna 

12 -3 power and central-cell density of 2 x 10 cm is shown in Fig. 14„ 

The transmitter frequency was 2.48 MHz, corresoonding to u/w c i = 0.85 

at the antenna and 1.0b at the central-cell midplane. Ouring the rf pulse, 

the mean perpendicular ion temperature, as measured by diamagnetism, 

increased to T i r . = 1.5 keV. Of the total 100 kW antenna power, 72 kW was 

radiated and 40 kW appeared as ion diamagrietism, an overall ion-heating 

efficiency of 40%. Ion lifetimes were in the range 2 to 4 iris, which we 

believe is limiteo by charge exchange and electron drag. 

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

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

ends. Since ions are heatea by ICRH near the magnetic fielo minimum, their 
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tui«.otropy is larqe, T^ » T,jc|). During the overage lirctinie of 2 

lo 4 HIS, there is insufficient collisional angular scattering to reach a 
distribution that tills out to the mirrors, even though an olf-mioplane 
diamagnetic loop shows evidence of angular broadening, he believe this 
accounts tor the smaller increase of parallel ion energy for escaping ions 
compareo to the increase in perpenoicular 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, ano electron heating at the outer peak of the sloshing ions 

are required for plugging of ena losses. Axial ion confinement times 

x i M in the range 50 to 100 ms were measured. Depending on operating 

conditions, non-arobipolar radial transport confinement times ranging from b 

to 100 ms were observed, because this radial transport appears most 

strongly driven by fundamental ECkH, we ere exploring more uniform and 

azimuthally symmetric heating schemes. 

Generation of hot electrons by using ECKH 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-cell density for eno-loss plugging was 

also increased. Figure 15 summarizes operation at higher central-cell 

density with increases in ECRH and ICRH power. 

Ive expect further increases in density by (a) improvement in plasma 

core heating by reorienting neutral beams in the central cell, (b) 
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i:::provcr;ent in central-cc-H vacuum to reduce losses against cliarw? exctionye, 
anc (cj adaition of a second ICKH antenna system, a slotteo antenna /13/ of 
improved efficiency, to the central cell to increase rf heating power. 
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Fig. 3. Microwave antennas in end cell of TMX-U powered by 8-arm coupler. 
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 reflector. The grooved section 

dimensions are 22 en; x 34.5 cm. 
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F ig . 6. ICRH antenna fo r TMX-U central ce l l heating. Two 170 segments 

are driven in ser ies. 



-22-

6/17/83-13 

[ •""Gas box 16 - l i ' 
S 

1 Gas box 

West ECRH power 

West sloshing beam current 

West plug diamagnetism (hot electrons) 

Line density (microwave interferometer) 

West Faraday cups (integrated) 

F ig . 7. Ion end-loss plugging in TMX-U for thermal barr ier moae of 

operation. 
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Fig. S. Correlation of hot-electron density against total density in the 
thermal barrier for shots with and without plugging in TMX-U. 
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Fig. 9. Potential measurements in TMX-U confirming existence of thermal 
barrier and potential peak. The measured depth of the thermal barrier is 

•e - * b ~ 5 0 0 V-
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TMX-U hot electron beta increases with 
ECRH power and pulse length 
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Fig. 10. Scaling of hot-electron beta with ECRH energy input. A shot with 
15% average beta is shown, with 42% initial heating-rate efficiency. 
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Fig. 11. Variation of hot-electron heating rate in the TMX-U end cell as a 
function of central-cell density and ECRH power. Plug densities for the 
2/1/84 data were in the range 0.7 to 3 x 10 cm - 3. 
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Fig. 12. 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 
TMX-U with constant density and varying temperature. Constant B contours 
(kG) are noted, as are absorption contours of 60% and 90%. The numbers 
along the rays and the corresponding absorption are: 1 = 10%, 2 = 20%, 
3 = 40%, 4 = 60%, 5 = 80%, 6 = 90%, and 7 = 99%. 
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F ig . 14. Heating of ions with ICRH in the TMX-U central c e l l , showing (a) 

central density, (b) ICRH antenna power, (c) cent ra l -ce l l ion perpenaicular 

temperature deduced from diamagnetism and density, ano (d) para l le l 

temperature of ion end loss. 
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F ig . 15. Increases in cent rd l -ce l l density for plugging, which resul ts from 

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


