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be enhanced because dividing the power between two ion
ABSTRACT species may result in the minority ions having lower energy

and therefore longer confinement time and better coupling to
.... difications have been made to allow two of the ICRF the bulk ions. Direct electron heating and current drive

ante ,s (bays L and M) on TRrR to operate at either of two experiments may also benefit from two frequency operation.
frequencies, 43 MHz or 64 MHz. This was accomplished by Coupling ICRF power directly to the electrons is difficult
lengthening the resonant loops feeding the antennas (2k at 43 unless the thermal electron energy is greater than a few keV.
MHz, 37Cat 64 MHz) and replacing the conventional quarter One frequency can be used for H-minority heating, which is
wave impedance transformers with a tapered impedance effective in raising the electron temperature. Because of the
design. The other two antennas (bays K and N) will operate strong electron temperature dependence, the other frequency
at a fixed frequency, 43 MHz. The two frequency operation then couples power directly to the electrons more efficiently.
allows a combination of 3He-minority (or T second harmonic) Operating at two frequencies is also expected to reduce cross
and H-minority heating at full toroidal field on TFTR. talk between the antennas, Initial operation of the system
Multiple frequency operation may also be useful in direct described here on TFTR has confirmed that this is a viable
electron heating and current drive experiments. Other approach for multifrequencyoperation.
modifications have been made which are expected to permit
arbitrary phasing between the current straps on bays M and L. SYSTEM DESIGN
The system design of the antenna, resonant loops and
impedance matching system as well as preliminary TFTR Each ICRF antenna on TFTR consists of a pair of current
results arediscussed, straps grounded at the center (at the midplane of the

tokamak). The straps are excited by a resonant loop formed
INTRODUCTION by a transmission line connected to the top and bottom of the

strap (see Fig. 1). In the past, these loops were one
During full powered super shots on TFTR, 64 MHz fast wavelength long at the operating frequency, 47 MHz. Since

waves can be used for on axis H-minority heating and 43 two of our four antennas are fed by four tunable FMIT

MHz fast waves can be used for on axis 3He minority heating, transmitters (one transmitter per strap, 40-80 MHz), the loop
or in the absence of a 3 He puff, direct electron or second configuration was changed. The resonant loops on bays L and
harmonic tritium heating. The ICRF healing efficiency may M have been nlodificd to bc aplm)ximatcly twice as long

electrically, so that they arc two and three wavelengths long
Manuscript received October 14, 1993. This wc_rkwas supl_rtcd for frequencies 43 and (_ Mltz respectively. During full

by the U. S. Department of Energy under contracts No. I)E AC()2 power supershots at full toroidal lnagnctic licl(l, 43 Mttz can
76-CHO-3073 and DE-FG()5-93ER54201. provide on axis 3tic-minority hcatillg (i)r, with no 311c
t I)()E Magrlotic FusioilTcchnol_>gvl-cllt_v
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Fig. 1 Scllematic of the TFrR iL.RF _mlcnna system

injected, tritium second harnmnic llt'aliiig) and _M Miiz can 149.1_2 ,section, t_ich of which ix a quarter el a wave length
provide H-mir_mty on axis;heating, long at 53.5 Mltz. This arrangement is tlpBmized for a

The length of transmission line h×_p was chosen to be impedance at the loop input of-24(K2 at either 43 Mtlz or 64
resonant at 43 MHz (24 long electrically). The next higher MHz. The details of this transformer design as well as a
frequency harmonic of interest (3k long) is not exactly 1.5 lumped element nR)flel of the antennas has been pre_nted
times this frequency bccau_ the antenna straps arc not well elsewhere [1 i.
represented by a transmission line. Instead, the antenna is Each transmitter has a stub and stretcher lot fine tuning
better approximated by a collection of lumlx;d elements [II the impcd_mce match. A directional coupler on the transmitter
and the electrical length is nonlinear. The nonlinearity of the side of the stub is used to measure the forw;u'd and reflected
electrical length is dependent on the deufils of the antenna voltage and the phase difference between them. These values
geometry. In fact, the resonant frequency h_r bay M is 63.38 determine a load impedance, and the approprmte stub and
MHz and bay L is 63.85 MHz. stretcher positions are calculated to match this impedance.

The desired m(xle to be excited in the resonant loop has |iowever, there is a complication on the antennas in which a
no net current in the midplane ground t×)st, i.e. the top and _paratc transmitter feeds each side. The resonant Ix_havior o1
tx)ttom voltages are 1800 out of phase, In order to excite this the loops is a strong time|ion of the relative phase between the
mode, it is ncces_try to feed the power to the loop near a high straps, so small changes in the phase can change the input
voltage point.so that the path length from the feed point to the impedance. By symmetry, during 0-0 or 0-1800 phase
top and bottom are ~_./2 different. By symmetry, the operation, the correct match should be obuiined with both
midpoint of the transmission line in the ltx)p is a low voltage sides having the same stub and stretcher positions. Thus, if
point for both frequencies, however there is no point in the both sides start with the same stub and stretcher positions, and
i(x)p which is a high voltage point for both frequencies. For equal corrections are made on tx)th sides, tile correct match
the antennas operating at two frequencies, the optimum feed can be calculated assuming a constant load.
point to the loop is .24 at 43Mttz (= .34 at 64MHz) away ICRI: fast wave current drive ix an important comixment
from the midpoint of the transmission line, which is .05k, of future tokamaks (ITER and TPX). The coupling to the
away from a high voltage point for each frcquency. The input electrons is strongly affected by the comi_)nent of the wave
impedance near a high voltage l_,int era resonant loop ix real vector in the toroidal direction, kll. The kll spectrum,
and large, on T|:I'R, typically -3kt2 Ior vactmm conditioning including dir¢ctivity, can bc motlificd by varying tile pha.sc
and ~25()1,2for operation into a plasma. In order to reduce tile between the two current straps in thc antenna. However,
VSWR in the transmission line, transformers are used near the because of the mutual coupling between tile straps, the

resonant i_ps to bring total imtx'dance down to - 5()_ during resonant behavior of the loops, and the VSWR between the
plasma opcnition (-(_lOt_ during vacuum conditioning), stub and the I(_ps, there ix not a simple correspondence

The bay K and N antenfla_ arc each Ic.d by a single between the l)hasc diflt'rcncc of the transmitters and tile phase
transmitter. A scctio_ of transmission line L/2 long connects difference of the straps, iu_ fact, changing the matching
tile two fccd txfinL,_of the two resonzmt loops lbr each antenna elements Io i_prov¢ tht' iH_pctlazlcc t_atch will result in
(fixing the phase between str_q)s at t)-l_t}°). Because the two changing the strap t}t_tsc, which cricket.; |tic [littttial cotiplitlg,
resonant h_)l)Sarc fed in parallel, the cxpcctcd ilnpcdallcc ix which cflccts lti¢ ;il)p_irc_ltiiiii)cdalic¢ t)l the 3lilt'filial, nlakillg
•-.1251l ill a l)lasllia {15(l()12 in v_ic'i:tllii). "l'lic. IoollS arc fed it vt'ry dilficllll i_ lilid lilt, ;ll>l/I-lll)l-i_il¢ililt)¢d_iliC't'lii_ilt;h. Ill
lliroilgli I,_'o qil;irlcr w_lvt,lr_izl_l_rilit'tc 1512iilid .5()_,2,._(ithai ;id(lili_lii l(i ilii_ llr(lt_lclii, I_ll llll_i._iillt _}itic'r Ill;ill ()-() :iil(l (I
!11¢.5()12]ili¢ is nl_ilchc'tlwhc,li Ihc lc,c,tl l)tlilil till lht' It_l_ li_i_ i_()(i, tllt'rt! will bc ,l ilc'l ll(iwu'r litany lrtllii tllic Sll,it) It) iht'
;.ill inil/cdaiic'¢ i)l I(i2_;2. llllit'l rc'tluirili _ Ullt'tlti_il Ii:ili_;iiiillt'i lltr,_,t,i_;hi It, tl_t'(I iii tlr(lc'r

}i_it_il ._lraI) i}il b_iy I _iiltl ,,k,1_lic' It'll b\ ;i ._t'l);ir:ilt' Ill li_ivc t_il_izict'(lCillit'lil._ ill Ihc _tc;il_. l/it' _il)l}l_l)ri_ilt' l,ilil)
IraiiSlllillt'r. l/ill_i(t b_illtl II_ill_;llllllit'l'_ _ilt, II_Ctl It} lt'c'tl Ihc' (_t [RiV, t'i'; 1_;_1 tllllc'llllll I)l lilt' ;illlt'lill;i It_;ictilil!>_iiid Iht' llli;i_c'
rt'.'.;llli;lill hillll_ which c()il_;i,,I(}I _i1-1.'_!,2,,c't_liliii l_}ll_}\vt'llby ;i I_t'l_,_,t't'lililt' _,li',ill_. l'ht'xc tlllC'l;llitlii,il tlillitlllllc'_; c';lli Iw
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Fig. 2 Bz for 0-180 phasing measured 1 cm from the faraday Fig. 3 Bz for 0-0 phasing measured l cm from the faraday shield
shield at the midplane of a mock up of the bay M antenna and the at the midplane of a mock up of the bay M antenna and the field
field calculated by the ARGUS code Ca). Also, the fourier calculated by the ARGUS code Ca). Also the fourier transform
transform of the square of the fields (b). of the square of the fields (b).

minimized by phase locking the transmitters with reference to (toroidal) direction squared (giving the power spectrum). It
the phase between the antenna straps and using amplitude can be seen that the Bz field appears to have approximately a
leveling based on the antenna voltage. By forcing the phase sinusoidal dependence with half a wavelength equal to the
between the straps to be constant, and the amplitudes center to center strap separation (0.33 m). This is verified by
constant, the coupling between the straps is forced to remai,_, the peak o1 tile kll spectruin at -9.5 m-1 Fig. 3 shows the Bx
constant. The impedance of each resonant loop must then field at the midplane of the antenna with 0-00 phasing
stay constant from shot to shot, and the correct stub and between the straps, and the cor|esponding kll spectrum. Even
stretcher positions can be calculated using the measured though the septum between the straps is slotted perpendicular
reflection coefficient in the usual way I21. tothe direction of the current toa depth 5,4 cm behind the

straps, the image currenL'_in the septum still perturb the fields

ANTENNA VACUUM FIELDS significantly. Whereas it may have been expeci.ed that the
dominant wave length tor 0-00 phasing would have been

In order to m(xlel the direct electrc)n heating and current longer than for ().-1800 phasing, in fact the majority of the
drive, it is impot,.ant to know the ktl spectrum of the launched I×_wer is associated with shortcr wavelength (larger kII). Also,
wave. The B-fields were carefully measured ! cm from tile even though the side walls and septum between the straps are
faraday shield of a mock-up uf the bay M antenna, slotted, tile image current_ _cneralc en(_ugh Ileltls OUt ()1pha.',c
Calculations were also performed to estimate lhc fields in with the strap lieltls that the spectral p()wcr g()es to zero It)r kll
front of the antenna using the ARC;tIE m(_(leling c'(_(lc,131. = (). The At_f;t;.S c:alculati()u,_rctai_ _il'i_ilC pc)wet t()r kit = ().
Fig. 2 shows the measured and calculated B/ field at the 'l'his difference in kil may he tluc tit tile b_)ul_tl;.tryc_nditi(,[_s _1

antenna mitlplane with ()-IX()() l)h;.t_ing between the straps. AI,I(IUS which ii_clutlc u ,,'uctluiii vex_cl wall, while the
Fig. 2 alx() sh()ws the l()uricr trim_l()r_ c)l*Ihi'_ li_'ld in the / [llCiL'-;tlICIiICl|lXWCIC Illil/tc _1IIil llt't.' ".t',_]_din,t_illllt'llllil.
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Fig. 4 The measured loading of the bay M (a) and bay L (b)
antennas relative to the minimum necessary to achieve

maximum power versus the power transmitted out of that ,...- =_'-_ _ = 0=_, =:__.,_,::,-
bay. = -.. o ,_ o se =.,_ g _"

_,_.__.- _INITIAL TFTR RESULTS - = - '_ "+ - "t ' *

Bays M and L have now been operated at both 43 and 64 g _ _. _ _ ._ _ ,< ?.
MHz with 0-1800 phasing. Measurements of the voltage and _ o _ ._ +4.g +.. _ ::,._.
current at the top and bottom of each strap indicate good _ - '< _,_ _ _ _ c
balance of the currents on the straps for each frequency. ,, = ,, _ _ _ _, ._ ++-

In order to quantify the loading in some meaningful way, +, 8. = = _ _ "_-_ W 8
it can be noted that the antenna loading is proportional to g _ 1_.= _ _ o __n

P/V2, where P is the transmitted power and V is the maximum ,_

o _ 0 ,-_ ¢:: 0 h'l ,.._

voltage in the resonant loop. This value can be normalized by g ...'6 f_ V _, 5 ,_
_ _'_ _._ _._ g _.

the smallest acceptable loading defined by the antenna _."= oc:_"_ ,.,,,,= _ =
reaching the maximum rated voltage at the maximum -. o o _ = o" _ °
transmitter power. On TVI'R, Vma x = 50 kV and Pmax on _ _ .--,= = g
bays M and L is 3.5 MW. Then as long as R is greater than _ = _ o ,_. _ _.++n +,,.,. _ ,,-1 ,.,,.,

•' !_,<
one, maximum transmitter power should be achievable, where .-_._-_,_* _, _. _

R = (p/v2)(Vmax2/Pmax). This normalized loading is shown ___ _ =._ = =_" ""_ _
in Fig. 4 for both antennas and tx3th frequencies during H- _ ,, '-<._ '+ o -'< -_
minority heating (the higher frequency requires a higher .-, = _ '_ "< _ = -'-
toroidal field to maintain on axis heating). It can be seen that __ ,.. R " ___ _ _ ,-,
the loading ;it both frequencies is comparable for thc plasma _ ,-, =.
conditions chosen for the two cases. Bay M has sornewhat '- -" _ " _'" -- _ =
hi_hcr I(_a(ling thtm bay L because tt_e strap separation is _ _ +" g. F 8. ,_ o g"• " ¢_ _ t_ ,,,,_ _ ..,_ ,,-_ r_

somcwhat larger I_1. Bccau_se R>! the antenna loading at _ _. g _ ,,, ,-.__ ::,.
each frcqtJc.ncy is sufficient to allow Ihc antcnnas to ot'.:ratc at +,.,,,,, =, r," -,,= "r' -,,.,_" "' " " " ":'"






