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ABSTRACT 

Results from ICRF heatinq experiments in the D- He minority racfime on the 

PLT tokamak are reported. At the highest coupled rf power of 2*6 MW, a 

central ion temperature of 3-fi keV has been measured in plasmas with a central 
13 —3 density of 5 x 10 cm . The central value of the electron temperature is 

strongly modulated bv the sawtooth internal relaxation and reaches values in 

excess of 3 keV. No deterioration of the ion heating efficiency has been 

found in the investigated range of plasma parameters. 
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I. INTRODUCTION 

The PLT research program on plasma heating in the Ion Cyclotron Ranqe of 

Freguencies (ICTP) is directed toward the demonstration that this is a viable 

method for heating a reactor to ignition. To achieve this goal ?LT operation 

must be extended to plasma conditions as close as possible to those 

contemplated for larger devices. 

Very promisinq results obtained on PLT in both the minority fundamental 

and the majority second harmonic heating regimes have been reported previously 

[IF 2). Since the best heating efficiency ha3 been found for the He minority 

regime, we have converted all three of the existing sources to 30 MHz SO that 

we can explore this regime at a power level of up to ~ 5 MW with a relatively 

high toroidal field of ~ 30 kG. In this paper we present the first rfisults 

ohtained on PItT with the new ICRr sVstem at a power level of up to 2.fi MW 

coupled to the plasma. 

II. PLT ICRF SYSTEM 

In previous experiments, the power limit per one half-turn loop antenna 

on PLT was approximately 0.5 MW, This power capahility is far below the power 

density requirement for future hiqh density heating experiments. A redesign 

of the rf vacuum feedthrouqh has permitted a substantial increase in the 

individual antenna and overall power handling capability [31. Presently, all 

PLT antennas are fed with the new feedthrouqhs, with a maximum power of 1.5 MH 

delivered to a single half-turn antenna. 
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The experimental r e s u l t s presented in t h i s paper were obtained with three 

h a l f - t u r n antennas on the low f i e l d a ide of the t o r u s , and a maximum power of 

- 3 HW a t 30 MHz. Two of these antennas are located in adjacent ports (45 cm 

apart) ana are phased 180° wi th r e s p e c t t o each o t h e r , thus g i v i n g an n . 

spectrum peaked a t ~ 10. The th i rd antenna i s ~ 135 cm from the f i r s t pair 

and imposes a hroad n. spectrum centered about 0. Of the 3 MH d e l i v e r e d t o 

the three antennas, approximately 85%, or 2 .6 HW, i s coupled to the PLT 

plasma. 

I I I . PXPFRIHENTAD RESULTS 

In the ICRP experiments descr ibed i n t h i s paper, fle has been used as the 

minority s p e c i e s in a deuterium plasma with the t o r o i d a l magnetic f i e l d in the 

range' of 30-32 kG. The main l i m i t e r s were top-bottom carbon mushrooms located 

t o r o i d a l l v "30 cm away from the n e a r e s t antenna. An a u x i l i a r y l i m i t e r was 

located in the midplane on the ou t s ide of the t o r u s . 

Previous s t u d i a s have shown that the plasma current in PLT inust he 

maintained a t values above 300 kA to prevent a p r e c i p i t o u s drop in the i o n 

hea t ing e f f i c i e n c y and the s imultaneous i n f l u x of i m p u r i t i e s [ 4 1 . For t h i s 

reason the plasma current was maintained in the ranae of 500-600 kfl. 

Typical parameters of the t a r q e t ohmic plasma were a c e n t r a l e l e c t r o n 

temperature T e o ~ 1.5 kev, a c e n t r a l ion temperature T^ o ~ 1 kev, and a l i n e 

— 13 —3 
averaqe d e n s i t y n e ~ 2-4 x 10 cm • Th.= value of Z„ derived from the 

measured e l e c t r o n temperature and d e n s i t y p r o f i l e s was ir, the range 1-1."5. 
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One characteristic feature of ICRF in PLT is a density increase durinq 

the rf pulse. Tills is shown in Fig. 1 where the time evolution of n is shown 

for 2..S MW of rf power into the plasma, we found that the density increase 

tends to saturate with rf power, we also found that the density during the 

ICRF pulse depends very weakly on the target plasma density so that low 

density discharges are strongly perturbed by the rf and, therefore, aix more 

difficult to control at larqe power levels. 

An increase In the eharqe-exchanqe outflux of low enerqy (< ^ keV) 

neutrals was observed durincr the TCRF heatinq pulse. This flux is apparently 

toroidally uniform and was measured to be linearly dependent on ICRF power, 

and about equal to 10 cm s~ MW~ [5J. An increase in the H Q emission 

was also measured at several locations around the torus. These observations 

suqgest that the density increase caused by ICRF is predominately due to an 

increase in recyclinq at the vacuum vessel wall, although a small fraction of 

the density increase is due to an Influx of impurities (see below). Me have 

also found that the charge-exchange outflux increases significantly for plasma 

currents below ~ 300 kA. This current threshold effect parallels that for 

impurity influx, and suqgests that fast ion losses may triqqer the increase in 

recvcline. 

Minority concentrations, n = n- /n . of 10% or smaller were used in the 
JHe e 

ICRF experiments. The density of He was estimated from the increase of h'̂  

produced by the iniection of He into the discharge. Our study of the node 

conversion of fast maqnetosonic waves into ion "Bernstein waves indicates that 

this is a good estimate of the He concentration in the central part of the 

plasma torug f4l. In this study, density fluctuations at the ICRF frequency 
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fere detected with the scattering of microwaves at a fixed position on the 

midplane. The magnetic field necessary to localize an ion Bernstein wave with 

a well defined wave vector Inside the scattering reqion was measured. The 

measurements at several values of the wave vector were then fitted to the 

kinetic dispersion relation. The only free parameter was the minority 

concentration. The values obtained for T| aqree (within + 20%) with those 

estimated from the chanqes of n e induced by the puffinq of 3He. 

Three techniques have heen used for determining the ion temperature: 

charqe-exchanqe measurements, Doppler hroadeninq of impurity lin« radiation, 

anil neutron emission measurements. This redundancy is necessary because each 

method has intrinsic uncertainties. Together these measurements provide a 

consistent picture of the ion heating. 

In order to determine the central deuterium ion temperature, T-, from 

charqe-exchange measurements, thfi measured value, T , must be corrected to 

account for the effects of radial profiles of the plaama parameters on the 

energy distribution of escaping neutrals. The neutral density profile, which 

is not directly measured, is calculated assuming an edge neutral density and 

temperature. The time evolution of T^ derived from charge-exchange 
— 13 3 

measurements is shown in Fig. 2 for a discharge with n p = 3.R x 10 cm and 

2.6 Mff of coupled rf power- For thia case the calculated correction factor is 

1.1. 

The second method used for determining the ion temperature i s Doppler 

hroadening of impuri t ies l i n e s , PeXXV (for Trf in the cen te r ) , FeXX (for T. a t 

r - 20 cm), and CV and CIII (for T-, a t the edge). While t h i s method can 
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provide a precise measurement of the impurity ion temperature, T {_„, it 
imp 

suffers from the fact that the value of T ^ . may he different from that of 

T,- In fact, since both deuterium and impurity ions are heated by co l l i s ions 

with the "e hot component, the power per icn scales approximately l ike 

7,s

 2/m* - fe can estimate a lower l imit of the rat io T-/T. _ by assuming that 1 1 a xmp 

the only loss of enercry suffered hy the impurity ions, which may a l l ha 

assumed to have the same temperature, owinor to their strong coupling, i s due 

to co l l i s ions with the hackground deuterium. The power deposition to the ions 

i s estimated uslnq the value of the central power deposition to the electrons, 

which i s derived from the time evolution of the electron temperature (see 
3 

below), and a calculation of the He energy distribution using an isotropic 

cuasilinear vf diffusion model, which has shown good agreement with the 

observations in the case of D-K minority heating !61. The. resultant 

fcomperature difference which can he supported hy the co l l i s ional coupling 

between impurities and deuterons i s estimated to be ~ 400 ev for the highest 

measured T, ~ 4 keV. The corrected1 values of TT. derived from FeXXV noppler 

broadening measurements are shown in Fig. 2 for the 2.6 MW case. 

Finally, the central values of T, are obtained from neutron flux 

measurements, taking into account the deuterium depletion due to impurities. 

By using the plasma composition derived from spectroscopic measurements 

{Fig. 3), we ohtain the values of T d shown in Fig. 2 for the 2.6 MW case. 

The spectroscopic results of Fig. 3 reveal not only that most of the 

deuterium depletion i s caused by oxygen and carbon impurities (in addition to 

that attributable to 3Re>, hut that the bulk of the radiation (Ficr. 1) i s 

caused by the3e lighter impurities in the periphery of the plasma. The higher 



7 

Z impurities qlve a radiation contribution from the central region of -» 0.2 -

0.3 w cm - 3 awl contribute somewhat to the value of Z e f f which almost doubles 

during the rf pulse for the case shown. 

Figure 4 shows the radial profiles of T^ derived from floppier broadening 
— 1 3 - 3 

measurements for several values of rf power and n e = 3.8 x 10 cm . Figure 

5 shows the dependence of the ion temperature increase on rf power and plasma 

density. These data indicate that, within the range of rf power and density 

investigated, the ion heating efficiency remains approximately constant. 

The electron temperature, T , was obtained from the measure of the plasma 
e 

emission a t the second harmonic of the e lec t ron cyclotron frequency and from 

Thomson sca t t e r ing of laser l i g h t , f igure fi show3 the t ine evolution of Tf t a t 

four rad ia l locations for the 2.13 tyw case . The cen t ra l value of T a i s 

strongly modulated by the sawtooth re laxa t ion . The 3ame phenomenon i s seen in 

Fig. 7 which shows the radia l p rof i l es of T e a t the top of a sawtooth and 1 

msec a f t e r the in te rna l d is rupt ion . Another efFect produced bv large rf 

powers i s the f l a t t en ing of the cent ra l par t (r < 20 cm) of the density 

p ro f i l e . 

Fiqure 8 contains the time evolution of the cen t ra l value of T durinq a 

sawtooth period. Wiese flata show that the slope of T a.t the beginning of the 

sawtooth s tead i ly increases with power, but ne i ther the amplitude nor the 

period of the osc i l l a t i on are strong functions of rf powsr a t large power 

l eve l s . Figure 9 shows the quant i ty p = 1.5 n e ( o ) d T e ( o ) / d t a t the beginning 

of a sawtooth o s c i l l a t i o n as a function of rf power for a constant value of n 

~ 0.07. If we neglect the e lectron thermal losses in the center of the 
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discharge over the first part of the sawtooth period, p e is a measure of the 

central power deposition to the electrons. These data indicate that P e 

increases with rf power and has a value of ~ 1 W cm" at 2 HW. We have also 

found that the value of p is a growj ng function of TI (Fig. 9). This must he 

considered a clear indication that other processes (i.e., mode conversion), 

hesides collisions with the hot minority component, ulav a role in the ICRF 

heating. 

iv. DISCUSSION 

The results of Fiqs. 4 and 5 indicate that no catastrophic ion energy 

loss has been encountered as the ICRF power to the antennas was raised to the 

3 MW level. Thi3 is also shown in Fig. 10 where the energies of the various 

plasma components are displayed as a function of the coupled rf power. 

Moreover, if we assume that the power delivered to the electrons has the 

same dependence on rf power as that shown hy p in Fig. 9, we conclude that 

ICRF does not result in a larqe deterioration of the electron energy transport 

in PLT for the range of power investigated. In fact, while the value of p p 

increases by a factor of ~ 4 CFiq. 9), the total electron energy doublet. (Fig. 

10). Therefore, the electran energy confinement time, at the worst, decreases 

hy a factor no larqer than ~ 2 from the ohmic value. The global power balance 

ia summarized in Table I. Here the guantities T* and T** are the gross plasma 

energy confinement times without and with the radiation losses taken into 

account, respectively. We see that the plasma confinement time reaches a 

certain value when the input rf power becomes comparable to the ohmic power, 

and does not deteriorate with further rf power increase. This must not be 
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considered a scalinq of transport with rf power, because the true meaninq of 

T* is only that of a lower limit to the true plasma confinement time- In 

fact, we do not know whether 100* of the. coupled rf power is transferred to 

the core plasma, or what fraction of the enerqy of the fast minority ions is 

lost. 

It is noteworthy that while the radiation loss does increase With the 

application of rf power, the fraction of radiated power is similar to that in 

ohmic plasmas. Consequently, durlnq rf heatinq, radiation losses remain a 

small part of the total power balance. 
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TABLE 1 

P 0 H (MW) 0.7 ~ 0.7 ~ 0.7 •~ 0.7 
P r f (MW) 0 0.9 1.9 2.6 
prad ( M W ) 0.25 0.55 0.75 0.9 
Etot < k J> 24 39 55 69 
T *(msec) 34 24 21 21 
T**(msec) 53 37 30 29 
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FIGURE CAPTIONS 

FT.«. 1 Line avernqe electron density (dotted line) and total radiated power 
as a function of time for P r f • 2.6 WW. 

PIG. 2 Time evolution of the central ion temperature derived from: charge 
nxchanqe (squares), Doppler broadening of the FeXXV line (circles), 
neutron emission (triangles) for P r f » -2.6 MW and n (o) = 5 x 10 
cm" . 

FIG. 3 Time evolution, of i m p u r i t i e s for P r f » 2 .6 MW and n f l = 3 .8 x 1 0 1 3 

- 3 
cm 

FIG. 4 Radial pro*il*s of icii tempnrature from floppier bcoademinq of 
— 13 —3 

impurity lines for n p = 3.a x 10 cm . 

FIR. 5 Central ion temperature increase a3 a function of rf power for n = 
3.6 x 10 cm" 3 (top) and as a funct4 jn of fie for P f = 1 KW (hottora). 

FIG. 6 Time evolution of T derived from second harmonic electron cyclotron 
emission at different radial locations for P f = 2.6 MW and n e = 3.B 

IT -** x 10 cm ". 

FIG. 7 Electron temperature profiles from Thomson scatterinq for P f = 2.6 
MW. Top: at the top of a sawtooth oscillation. Bottom: at 1 msec 
aftar the internal relaxation. 
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PIG. fi Tims evolution of T <o) during a sawtooth o s c i l l a t i o n ; A-ohmie, B-0.9 

MW, C-2.6 MH. 

FIG. 9 Values of p e - 1.5 n e<o)o"T e(o)/dt as a function of rf power (top) aiul 

as a function of n « n , / n . for P_* » 1.8 MW (bottom). 
JHe * r r 

FIG. 10 Enercry of plasma components as a function of rf potwr ( Hp enerqv 

from qtia3ilinear theory) . 

» 
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