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ABSTRACT

Regults from ICRF heating experimenta in the p-3re minozrity regime on the

PLT tokamak are reported. At the hiqghest coupled rf power of 2.6 MW, a

central icn temperature of 3.6 kXeV has been measured in plasmas with a central

density of 5 x 1013cm-3. The central value of the electron temperature is

strongly modulated by ithe sawitooth internal relaxation and reaches values in

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

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

The PLT research program on plasma heating in the Ton Cyclotron Range of
Frequencies (ICRF} 1s diracted toward the demonstration tnat this is a viahle
method for heating a reactor to ignition. To achieve thia goal »LT operation
mugst be extended to plasma conditions as clogse as possible to those

contemplated for larger devices.

Very promising results obtalned on ELT in both the minority fundamental
and the majority second harmonic heating reqimes have been reported previously
[1,2). Since the hest heatinc efficiency has heen found For the 3a minorit,
reqgime, we have converted all three of the existing sources to 30 MHAzZ so that
we can explore this ragime at a power level of up to ~ 5 M? with a relatively
high toroidal field of ~ 30 kG. In this paper we prasent the Fipst results
ohtained on PLT with the new ICRF svatem at a power level of up to 2.f 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 M¥, This power capahility is far below the power
density requirement for future high density heating experiments. A redesign
of the rf vacuum feedthrough has permitted a sgubstantial increase in the
individual antenna and overall power handling capability [3]. Fresently, all
PLT antennas are fed with the new feedthroughsg, with a maximum power of 1.5 Md

delivered to a single half-turn antenna.
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The experimental results pregented in this paper were ohtained with three
half-turn antennac on the low field side of the torus, and a maximum power of
~ 3 MW at 30 MHz. Two of these antennas are located in adjacent ports (45 cm
apart) and are phased 180° with respect to each othar, thus giving an ™,
spectrum peaked at ~ 10. The third antenna is ~ 135 cm from the flirst pair
and imposes a hroad nl spactrum centered about 0. Of the 3 MW Aerlivered to
the three antennas, approximately 85%, or 2.6 MW, is coupled to the PLT

plasma.

III. FRXPFRIMENTAL RESULTS

In the ICRF experiments described in this paper, 34e has heen used as the
minority species in a deuterium plasma with the toroidal magnetic field in the
range of 30-32 kG. The main limiters were top-bottom carhon mushrooms located
toroidally 90 cm away from the nearest antenna. An auxiliary limiter was

located in the midplane on the outside of the torus.

Previous studiag have shown thac the plasma cugrent in PLT st be
maintained at wvalues abave 300 kA Lo prevent a precipitous drop in the jion
heating efficiency and the simultaneocus influx of imourities {41. For this

reason the plasma current was maintained in the ranage of 500-600 kA.

Typical paramaters of the target ohimic plasma were a central electron
temperature T,, ~ 1.5 kev, a central ion temperature Tio ™~ 1 kev, and a line
averaqe density fi, ~ 2-4 x 10'3:n"3.  The value of Zoep derived from the

measurad electron temperature and density profiles was ik the range 1-1.S.



One characteristic feature of ICRF in PLT is a density increase during
the rf pulse., This is shown in Flg. 1 where the time evolution of EE is shown
for 2.6 MW of rf power intoc the plasma. We found that the densgity increase
tends to saturate with rf power. We also found that the density durinag the
ICRF pulse depends very weaklvy on the target plasma density so that low
dengity digcharqes are stronqly perturhed by the rf and, therefsre, are more

difficult to control at largqe power lavels.

An increase in the charge-exchange outflux of low ‘enerqy (< 1 keV)
neutrals was observed during the ICRF heating pulse. This flux is apparently
toroidally uniform and was measured to be linearly dependent on ICRF power,
and about equal to 105 em™2 71w (51. An increagse in the H, emission
was also measurerd at several locations arcund the torus. 'These shservations
suggest that the density increase caused by ICRF is predominately due to an
increase in recycling at the vacuum veagel wall, altiouagh a amall! fraction of
the density increase is due to an influx of impuritirs (s2e helow). We have
also found that the charge-exchange outflux inecreases gignificantlv for plasma
currents helow ~ 300 kA. This current threshold effect parallels that for
impurity influx, and suggests that fast ion losses may trigger the increase in

recycling.

Minority concentrations, n = nq /ne, of 10% or smaller were used in the
He

ICRF experiments. The density of 3He was estimated from the increase of He

produced by the injection of 3He into the discharge. Our study of the mode
conversion of fast magnetosonic waves into ion Rarnstein waves indicates that

3

this i3 a qood estimate of the “He concentration in the central part of the

plasma torus {4]. In this study, density fluctuations at the ICRF frenuency
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-vere detected with the scattering of microWwaves at a fixed position on the
midplane, The magnetic field necessary to iocalize an lon Bernatein wave with
a well Jdefined wave vector inside the ascattering region 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 n agree (within + 20%) with those

estimated from the changes of 5, induced by the puffing of Ne.

Three technigues have been ﬁsed for determining the ion temperatura:
charge-exchange measurements, Doppler hroadening of impurity line vadiation,
and neutron emission measurements. This redundancy is necessarvy hecause 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‘d, from
charge-exchange measurements, the measured value, Tcx’ mist be corrected to
account for the effects of radial profiles of the plasma parameters on the
enerqy distribution of escaping neutrals. The neutral density profile, which
is not Airectly measured, is calculated assuming an edge neutral density and
temperature. The time evolution of Td derived from charage-exchanae
measurements is shown in Fig. 2 for a discharge with '-‘e = 3.8 x 10'3 en~? ana
2.6 MW of coupled rf power. For this case the calculated correction factor is

1.1.

The second method used for determining the ilon temperature is Deppler
hroadening of impurities lines, FeXXV (for ‘I‘d in the center), FeXX (for Ty at

r ~ 20 cm). and CV and CIII (for T, at the edge). While this method can



provide a precise measurament of the impurity ion temperature, Timp' it
auffers from therfact that the wvalue of Timp may he different from that of
Ty* In fact, since both deuterium and impurity ions are heated by collisions
with the 3ne hot component, the powar per lcn scales approximately 1like
zizfmi. We can estimate & lower limit of the ratio Ta/Timp hy assuming that
the only loss of enerqy suffered hy the impurity ions, which may all he
agsumed to have the same temperature, owing to their strong coupling, is due
to collisiong with the hackground deuterium. The power depogition to the ions
ls estimated using the value of the central‘power deposition to the elactrons,
which is derived from the time evolution of the electron temperature (see
balow), a2nd a calculation of the 3He enerqy digtribution using an igotropic
cuasilinear ¢f diffusion model, which has shown qocd aogreement with the
ohservations in the case of D-H minority heating ({6]. The regultant
tamperature differsnce which can he supported hy the collisicnal coupling
hatween impurities and deuterons 1ls estimated to he ~ 400 eV for the highest
~ 4 keV. The corrected valnes of T Aderived from FexxV noﬁplex

asured T
measurea imp

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

Finally, the central values of 'I'd are obtained from neutron flux
measurements, taking into account the deuterium depletion due to impurities.
8y using the plasme composition derived from spectroscoplc measurements

(Fig. 3), we ohtaln the values of Ty ghown in Fig. 2 for the 2.6 MW cage.

The spectroscopic results of Fig., 3 reveal not only that most of the
deuterium depletion is caused by oxygen and carhon impurities {(in addition to
that attribatahle to “He), hut that the hulk of the radiation (Flg. 1) is

caused by these lighter impurities in the periphery of the plasma. The hicher



Z impurities qgive a radiation contribution from the cen*ral rmgion of ~ 0.2 ~

0.2 W cn > and contribute somewhat to the value of Z.gg which almeat doubles

Auring the rf pulse for the case shown.

Fiqure 4 shows the radlal profiles of Th derived from Doppler broadening
measurements for several values of rf power and Ee * 3.8 x 1013 cm'a. Figqure
5 shows the dependence of the ion temperature lncrease con rf power and plasma

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

investigated, the ion heating efficiency remains approximately constant.

The electran temperature, Te' was ohtained from the measure of the plasma
emission at the second harmonic of the electron cyclotron frequency and from
Thomson scattering of laser light. Fiqure 6 gshows the time evolution of Ty at
four radial locationg for the 2.6 MW case. The central value of T 18
stronqgly modulated by the sawtooth relaxation. The same phenomenon is seen in
Pigq. 7 which shows the radial profiles of Té at the top of a sawtooth and 1
msec after the internal disruption. Another eftFect produced hy large rf
powers is the flattening of the central part (r < 20 cm) of the density

profile.

Fiqure 8 contains the time evolution of the central vaiue of T, during a
gawtooth period. Thege data show that the slope of TE at the baginning of the
gsawtooth sgteadily increases with power, but neither the amplitude nor the
period of the oscillation are strong functions of rf power at large powear
lavels. Fiqure 9 shows the quantity P, = 1.% ne(o)dTe(o)/dt at the beginning
of a sawtooth ogeillation as a function of rf power for z constant value of n

~ 0,07. If we neqlect the electron thermal losses 1n the center of the



discharqe over the first part of the sawtooth pericd, Uy i3 a meagure of the
central power deposition to the alectrons. These data indicate that Pa

3 at 2 MW. We have also

increases with rf power and has a value of ~ 1 W cm~
found that the value of Po is a growing function of n (Fig. 9). This must be
considered a clear indication that other processes {(i.e., mode conversion),

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

heating.
IV. DISCUSSION

The results of Figs. 4 and 5 indicate that no c¢atastrophic ion enerqy
loss has bheen encountered as the ICRF power to the antennas was raised to the
3 MW level. This is also shown in Fig. 10 where the energies of the wvarious

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

Moreover, 1f we assume that the power delivered to the elactrong has the
game dependence on rf power as that showm hy P, ln Fig. 9, we conclude that
ICRF does not result in a larae deterioration of the electron enerqv transport
in PLT for the range of power investiacated. In fact, while the valuve of P,
inecreases hy a factor of ~ 4 (Fiq; 9), the total electron enerqgy doubles (Fiq.
i0). Therefore, the electron energy confinement timm, at the worst, decreases
hy a factor no larger than ~ 2 from the ohmic value. The global power hialance
ig summarized in Table I. Here the gnantities T* and 1%* are the gqroas plasma
enerqgy 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 chmic power,

and does not Jdeteriorate with further xf power increase. This must not he



considered a scaling of transport with rf power, hecause ﬁhe true meaning of
1* 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 energy of the fast minority lons 1s

lost.

It is notewarthy that while the radiation loss does increase with the
application of rf power, the fraction of radiated powar is similar to that in
ohmic plasmas. Consequently, during rf heating, radlation losses remain a

small part of the total power halance.
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FIGIRE CAPTIONS

Line average electron density (dotted line) and total radiated power

as a function of time for Py = 2.6 MW,

Time evolution of the central ion teaperature derived from: charge
exchange (squares), Dopnler hroadening of the FeXXV line {circles),
neutron emission (trianqles} for P, = .2.6 MW dnd ne(o) =65 x 103

cm_{

Time evoluiion of impurities for P, = 2.6 MW and Ee = 3.8 x 10'3

~3
cm .

Radial pro*ilas of icywi temperatura from Doppler beoadening of

impurity lines for ﬁe = 3.8x 103 em3,

Central ion temperature increase as a function of rf power for n, =

13y~ (top) and as a funct’ n of h

3.6 x 10 o for ng = 1 MW (hottem).

Time evolution of Te derived from second harmonic electron cyclotron
emigaion at Alfferent radial locations for Py = 2.6 MW and ﬁe = 3.B

-
X 1013cm “.

Electron temperature profiles from Thomson scattering for P:F = 2.6
MW, Top: at the top of a sawtooth opscillation. Bottom: at 1 msec

aftar the internal relaxation.
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FIG.

FIG.

8

9

10

12

Time evolution of Te(o) during a sawtooth oscillation; A-chmiec, B-0.9

MW, C-2.6 MW,

Values of p, = 1.5 ne(o)d're(o)/dt as a function of rf power (top) and

as a function of n = ns3, /n, for P . = 1.8 M¥ (hottom).
- S

Enerqy of plasma components as a function of rf powar (3He energy

from guasilinear theorvy).
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