
2-> 

'i. - / • - / - • 
'c/c-3 ' ' U 

UCRL—SO OS 6 

DE04 010555 

ICRF HEATING IN THE TANDEM MIRROR EXPERIMENT-UPGRADE (TMX-U) 

A. W. Molvik 
W. v, Cummins 
S. Kalsbella 

V. Poulsen 
.1. Barter 
G. Dimonte 

T. Romesser 
R. Mett 

This Paper Was Prepared For Submittal To 
The Fourth International Symposium On 

Heating In Toroidal Plasmas 
Rome, Italy March 21-28, 1984 

March, 1984 

1 In;* \b ii nriMMin! o c i r.iniM mliMidijiJ ttJi ni.b!!i_(ilinn in A inurni] ni ninrurdnvy Smu 
changes may be mad*.' before publication, this preprint is made available with the 
understanding that it wilt not be cited or reproduced without the permission of the 
author. 

eiSTRlBUTION OF THIS DOCUMENT IS UNniWTEB 



DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thereof, nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or responsi­
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Refer­
ence herein to any specific commercial product, process, or ser '.je by trade name, trademark, 
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom­
mendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof. 



NOTICb 

PORTIONS OF THIS REPORT ARE ILLEGIBLE. It 
h-is"been"Tiprorl"ccd~fram the best available 
::-iy to permit the broadest possible avail-

ICRF HEATING IN THE TANDEM MIRROR EXPERIMENT-UPGRADE (TMX-U)* 

A. W. Molvik, W. F. Cummins, S. Falabel la, P. Poulsen, 
Lawrence Livermore National Laboratory, University of Cal i fornia 

Livermore, CA 94550 

J . Barter, G. Dimonte, T. Romesser 
TRW, Redondo Beach, CA. 

R. Mett 

University of Ca l i fo rn ia , Berkeley, CA. 

ABSTRACT 

Central ce l l plasmas in Tandem Mirror Experiment-Upgrade (TMX-U) are 
heated with TOO kW of ICRF transmitter power to ion temperatures of 1.5 keV 

12 -3 at densities of 2 x 10 cm . we have used two Faraday-shielded 
antennas: the f i r s t had one 90 loop; and the second, in current jse , has 
two 170 loops connected in an m = 1 conf igurat ion. We are also i ns ta l l i ng 
a s lot antenna. Optimum heating for wave launching occurs below the 
cyclotron frequency, consistent with slow wave heating. In TMX-U, we 
observed a power threshold, which is consistent with computed end-loss power 
balance. The measured loadinq resistance varies with density and frequency 
in agreement wi th McVey's antenna-plasma coupling code. 

INTRODUCTION 

TMX-U is designed to study the formation of thermal barr iers and the i r 
ef fect on plasma confinement / l / . Thermal barr iers / 2 / enhance the axial 
e lec t ros ta t ic confinement of a tandem mirror by insu la t ing central ce l l 
electrons from potential peak electrons, which can then be heated to higher 

*Work performed under the auspices of the U.S. Department of Energy by the 
Lawrence Livermore National Laboratory under contract number W-7405-ENG-48. 
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temperatures. This increases the confining potential, and provides 
confinement of central cell densities that exceed the end cell densities. 
TMX-U is designed to confine isotropic ions in the central cell with 
temperatures up to 0.9 keV. Achieving these temperatures and reducing the 
ion collision frequency requires ICRF /3/ and/or neutral beam heating in the 
central cell. 

In Fig. la, we show the locations of the ICRF antennas on TMX-U. The 
loop antennas were used to obtain the results described here. The slot 
antenna /4/ is being installed; its low inductance of 0.5 uH, and higher 
predicted loading resistance /5/, should provide a loaded Q =: 20 with low 
voltage. 

Each antenna is driven by a Class C power amplifier, capable of 
200 kW /6/. The matching network, located within the vacuum, covers the 
range of 1.7 to 4.0 MHz 111. Network analyzer processing of the forwara and 
reflected power provides data for tuning the matching network and for 
computing the loading resistance and reactance /6/. 

HEATING 

The first antenna that we used on TMX-U was a 5.5-turn loop subtending 
90° (Fig. lb). The heating efficiency, wlvch is the fraction of the 
radiated power that appears in the rate of rise of the diamagnetism, was a 
maximum of 10% for w/u) • < 1 and near zero for u)/w • > 1. However, the density 
always decreased during the ICRF pulse. These data are consistent with 
convective radial losses that could be driven by nonuniform electron heating 
of the ICRF. Based on this model, we designed an m = 1 antenna with two-
170° loops to provide more symmetric heating. 

We are currently using two-170 antennas that consist of three turns 
each and are connected in a series to cover the 1.7- to 4.0-MHz range 
(Fig. lc). Our results were obtained using an optically opaque Faraday 
shield between two nonsegmented limiters, similar to the JET antenna 
shield /8/. Several of the shield bars are shown in Fig. lc to illustrate 
their design. 

Using the two-170° antennas, the heating efficiency is about 40% at a 
1? -1 density of 2 x 10 cm and less at lower densities. The central cell 
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Magnetic field 

90°, 5.5-turn 
loop antenna . 
Faraday shield I 

Plasma limiter 
(not at antenna) 

Warm first wall 

-Warm first wall 

Double-layer Faraday 
shield (past experiments) 

Plasma limiters 
(either side of antenna) 

170°, 3 - t u r n 
loop antenna 
Antenna box 

'-Single-layer 
Faraday shield 
(future experiments) 

F i g . 1 . The TMX-U ax ia l m a g n e t i c - f i e l d p r o f i l e i s shown w i t h the l o c a t i o n o f 

the loop and s l o t antennas ( a ) . Two loop antennas have been used: (b) 

one-90° loop w i t h 5.5 t u r n s , and ( c ) two-170° loops o f 3 t u rns each 

(severa l b a r s , f rom sets tha t comple te ly e n c i r c l e the plasma, are shown t o 

i l l u s t r a t e two s h i e l d des igns) . 
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density increases s l igh t l y with these antennas during the application of ICRF 
power (Figs. 2a and Zb). Average ion temperatures of up to 1.5 keV, 
perpendicular to the magnetic f i e l d , are measured with diamagnetic loops 
(Fig. 2c) . 

The ion temperature T. (F ig . 2d), paral le l to the magnetic f i e l d , is 
measured at the ends of TMX-U with retarding-potent ia l end-loss analyzers 
/ 9 / . T.jcn increases during the heating pulse to 0.15 keV at 50 ms. This 
measurement, combined with an axial array of diamagnetic loops, indicates 
that the ion veloci ty d is t r ibu t ion is anisotropic. Ions heated at the 
cyclotron resonance have a p i tch angle of 16° from normal to the magnetic 
f i e l d , referenced to the midplane. Broadening of the angular 
d is t r ibu t ion by ion-ion scat ter ing is l imited by charge excher.^e [t 10 ms] 

d and electron arag (T - 5 ms) to pitch angles of less than 35 at 50 ms for 
the shot in F ig . 2. 

A threshold is observed in the power that is required to achieve plasma 
heating (Fig. 3 ) . We associate the threshold witn the power that is required 
to heat the plasma beyond the collisional flow regime, where increasing the 
temperature increases the end-loss current proportional to the ion velocity. 
Once the ion temperature exceeds about 100 eV in TMX-U, the ions become 
mirror confined, the end-loss current decreases with increasing temperature 

-3/2 .1/1 
(Tii tt Tic '' a n c l t h e e n d " l o s s Power decreases as T.'"-. We divide 
the ion end-'ioss power by the ion heating efficiency E, to obtain the 
radiated power required to heat the ions. At low ion temperatures, this is 
given by 

^ I qn 2 T i { ; 1 T r 2 L 
0 "~ e n r ~ + nr . .loq R ' 

flow n 

where we use typical values for the plasma parameters: r = 20 cm, 
L = 200 cm, E = 0.2, the mirror ra t i o R = 7, and T . . = 90° ion-ion 

1? -3 scat ter ing t ime. The measured density is n = 1.7 x 10 cm . 
As the ion temperature increases, additional power-loss mechanisms 

become s ign i f i can t . We include the largest addi t ional effects in the term 
P.: electron drag with a f ixed electron temperature of T = 50 eV and charge 
exchange on the gas required for fue l ing . These ef fects determine a l i m i t to T̂  , 

- 1 T 2, , -1 _, -1 . P = e qnT nr L ( T ( j + T C X ) . 
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F ig . 2. With two-170 loop antennas, the plasma density (a) increases 
s l i gh t l y during ICRF heating (b ) , and the temperature increases both 
perpendicular ( c ) , and paral lel (d) to the magnetic f i e l d . 
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Radiated power (kW) 

F ig . 3. Ion heating exhibits a threshold that is consistent with the l ine 
computed for the end-loss power balance, which is discussed in the tex t . 
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The to ta l power is given by P = PQ + P-, and is plotted in F ig . 3. Further 

deta i ls of th is model are discussed in Ref. 12/. 

COUPLING 

Faraday shields have been used on both TMX-U loop antennas. The purposes 
of these shields include both e lec t rosta t ic shielding, and 
environmental shielding of the antenna and matching network from charge-
exchange neutrals, uv rad ia t ion, and t i tanium get ter ing. Environmental 
shielding requires op t i ca l l y opaque shields that reduce the r f magnetic f i e l d 
reaching the plasma / 1 0 / . The power, which can be coupled at the voltage 
holding l i m i t of the antenna re la t ive to the maximum power without the sh ie ld , 
is reduced to 0.46 fo r the U-shaped shields used with the 90° antenna, and 
to 0.3 for the s t ra igh t shields used with the two-170° antennas. 

The parasi t ic loading, which we observed ear l ier when l imi ters allowed 
plasma to flow along the magnetic f i e l d into the sh ie ld , has been eliminated 
by reducing the radius of the l im i t e r s . Our computations show that the power 
dissipated on the shield by flowing plasma is comparable to the radiated 
power. This f ind ing is consistent with our measurements of increased loading 
resistance with l i t t l e or no ion heating. 

We f ind that the measured loading resistance vs density in F ig . 4 agrees 
with predictions of McVey's antenna-plasma coupling codec / 5 / for over an 
order of magnitude var iat ion in both the plasma density and the loading 
resistance. The code predict ion, as p lo t ted , is corrected to a mult i turn 
Faraday-shielded antenna by mult ip ly ing the square of the number of turns 
times the attenuation of the r f power by the shield 
( i . e . , 6 2 x 0.46 = 17 for the 90° antenna). 

We also f ind agreement between the measured and predicted loading 
resistance vs frequency (Fig. 5 ) . The decrease in resistance jus t above 
the cyclotron frequency is consistent with launching slow waves for 
w/w , < 1 at the antenna. These can damp on a magnetic beach near the 
midplane fo ro i /u^ i > 0.8. In th is case, the mult i turn correct ion of the 
loading resistance is 3 x 0.3 = 2.7. 
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F ig . 5. The computed loading resistance of the two-170 antennas vs 
12 -3 frequency agrees with measurements at a density of 1 x 10 cm . The 

ver t ica l bars indicate the shot to shot var ia t ion , and the horizontal bars 
the var iat ion of the dc magnetic f i e l d wi th in the near f i e l d of the antenna. 
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PLANS 

Our next sequence of ICRF heating experiments include two new elements: 
the s lo t antenna, described above, and a new Faraday shiela for the two-170 
loop antennas. Both types of antennas are designed to handle 200 kW. A 5U% 
transparent shield fo r the loop antennas has been constructed using 1 cm 
diameter tubes, four of which are shown in F ig . l c . This transparent shield 
w i l l provide e lec t ros ta t ic shielding with l i t t l e environmental shielding; we 
predict an increase in transmission by a factor of three, producing a similar 
increase in the loading resistance. These two antenna types, operating 
simultaneously with separate transmit ters, w i l l increase the radiated power 
from tne present maximum of 70 kW to as much a: 300 kW in our next experiments. 



- 11 -

REFERENCES 

IM SIMONEN, T. T. , et a l . , Phys. Rev. L e t t . , 50_ (1983) 1668. 
Ill BALDWIN, D. E., and LOGAN, B. G., Phys. Rev. L e t t . , 4£ (1979) 1318. 
/ 3 / MOLVIK, A. W., and FALABELLA, L. , Lawrence Livermore National 

Laboratory, Livermore, CA, 94550, UCID-19342 (1982). 
/ 4 / SHVETS, 0. M., et a l . , Sov. J . Plasma Phys., I (1981) 261. 
/ 5 / MC\,:Y, B., and SIDIKMAN, K., Bu l l . Am. Phys. S o c , W_ (1983) 1183. 
/ 6 / MOORE, T . , et a l . , IEEE 10th Symposium on Fusion Engineering, 

Philadelphia, PN (1983). 
Ill MULLEN, J . H., and OWENS, T. L. , B J I I . Am. Phys. Soc , 7J_ (1982) 1045. 
18/ LALLIA, P. P., and REBUT, P. H., Third Joint Varenna-Grenoble I n t . 

Symp. on Heating in Toroidal Plasmas (Grenoble, France, March 1982) 
795. 

19/ MOLVIK, A. W., Rev. Sc"!. I n . , 52̂  (1981) 704. 
/10/ FAULCONER, D. W., J . Appl. Phys., 54_ (1983) 3810. 

3701w/ep/kt 


