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AUXILIARY HEATING RESULTS FROM PDX AND PLT
S.Le. Davis, PDX and PLT Groups

Princeton University, Plasma Physics ILaboratory
Princeton, New Jersey 08544 USA

Abstract Auxiliary heating experiments are continuing on both PLT and

PDX. PLT has increased the available ICRF power delivered to the plasma to

3 MW for the 42 MHz system and to 1.6 MW for the 25 MHz system. Deuteron and
electron heating are observed in the minority 3He (Td ~ 2.8 kev, T, ~ 2.2 keV)
anc H (Td ~ 2 kev, T 2.5 keV) heating regimes. In addition, ion heating

has been observed in the second harmonic regime ('I‘eff = 2/3 <Eh> = 3,3 keV).

On PDX, the evaluation of the effectiveness of perpendicular injection
has continued with available beam powers of 7.2 MW for deuterium beams and
5.5 MW for hydrogen beams. Peak ion temperatures of ~ 6 keV have been
achieved for 500 kA plasmas, indicating that ion heating efficiencies can be
obtained with perpendicular injection similar to what was obtained on PLT with
tangential injection. At lower plasma currents, the ion heating efficiency is
reduced. Nentral beam studies on PDX have now been conducted over a wider

range of parameters. Results from these studies will be discussed.

Recent auxiliary heating of low g (£ 2) discharges on both PLT and PDX
have resulted in substantial plasma f§ in both machines. PDX has used an
absorbed beam power of 5.0 MW at a field of 1.0T with qy = 1.8 to obtain a
beta of 3.2% measure? magnetically. PLT has used combined beam and ICRF
heating in the minority mode to obtain a toroidal B in the range of 1.6 to
2.2% with ~ 3 MW total power, 1.7 T field, and qd, = 2,2,

on PLT, 800 MHz lower hybrid waves have been launched at powers up to
600 kW. At low densities (< 1013 cm'3), experiments have demonstrated both
current drive (Ee Ip/PLH ~ 6 x 1012 A/W cm3) with >vloop = p for times up to
3.5 gseconds. Experiments at higher densities have produced hot ion tails, but
so far have shown only inefficient bulk ion heating.
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1. INTRODUCTION

The Princeton Large Torus (PLT) and Poloidal Divertor Experiment (PDX)
are both large tokamaks primarily devoted to the stndy of teciniques for
plasma heating, current drive, and of confinement scaling with auxiliary
heating. The PDX machine typically runs one second discharges with a < 44 cm,
Ry = 143 cm, Ip £ 500 kA, and BT < 2.4 T. The PDX experiments (Section 2)
have focused on the study of neutral beam heating of circuler and diverted
plasmas, with more recent efforts directed toward the study of low q, high 8
plasmas by running at low toroidal fields (BT £ 1.2 T

The PLT machine operates with circular plasmas having normally a = 40 om,
R, = 132 cm, Ip < 550 kA, and B, £ 3.2 T. The PLT experiments have focused on

the study of ICRF and ICRF plus neutral beam heating (Section 3) as well as

lower Lybrid heating and current drive (Section 4).

2. PDX NEUTRAL BEAM HEATING RESULTS

The PDX neutral injection system, developed through a joint PPPL and ORNL
program, quickly reached its design parameters of 8 MW of D° and 6 MW of H®
from nominally 50 keV ion sources. With duct losses subtracted, 1input powers
to the PDX vacuum vessel of 7.2 MW# of D° and 5.5 MW of H° have been
achieved. The beams are injected nearly perpendicular (14° from | at R, =
142 cm).

Ion temperatures during neutral beam heating experiments have been
measured using two techniques. passive charge exchange 3ion temperature
measurements are made using a four analyzer system each with ten energy
channels, which allows complete temporal and four point radial profile
measurements. The charge exchange system {8 further eguipped with a

diagnostic neutral beam to provide localized measuvements of the ion
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temperature. The second technique uses a crystal spectrometer to observe
Doppler broadening of a Ti XXAI Ka line at 2.61 A to yield central impurity
temperatures. The measurements are compared in Fig. 1. Ion temperature
profiles are also measured from ultraviolet doppler broadening of forbidden
line transistions from a number of artificially injected impurities
(Suckewer 1980).

A plot of T; versus Pabs/ie is shown in Fig. 2. The quantity Pips 1s the
absorbed beam power (injected beam power minus shinethrough), Ee is the line
average density, and T; is the ion temperature measured by passive charge
exchange. The data indicate a clear improvement of ion heating efficiency
with increasing plasma current, but due to the scatter of the data no simple
scaling law can be extracted. Ion temperatures of ~ 6 keV have been achieved
in high current (Ip = 500 kpB), high field (2.2T) discharges with absorbed beam

powers of ~ 4 MW. The ion heating efficiencies, n; S ng A Ti/P obtained

abs’
in PDX are comparable to those obtained with tangential injection on PLT
(Stodiek 1980, Goldston 1981). Transport analysis code studies indicate that
N is a relatively good measure of ion heating efficiency and ion energy
confinement (Hawryluk 1982). With a fixed ion thermal transport model, n; is
found not to depend strongly on ne(r), Te(r) or Z.c¢ in the density range
1-4 x 113 cm_a. The ion transport for high power beam heated, 500 kA
discharges on PDX can be accurately modeled using neoclassical conduction
(Chang 1982), classical ion-electron coupling, and phenomenological convective
losses (5/2 kTI'). 1In lower current discharges the ion thermal conduction is
found to be enhanced over neoclassical. Although there is some variability in
both the PDX and PLT heating efficiencies, it is clear that under similar high

field, high current conditions tangential and perpendicular injection can

yield similar ion lieating results.



Electron temperature and density profiles on PDX have beern. measured using
a 56 point Thomson scattering system with the profile taken in the horizontal
plane along the major radius. With neutral beam injection, the electron
energy content is found to rise with increasing beam power. At power levels
up to about 2 MW and at 22 kG, typical electron heatinag of 0.5 eV/kW is
observed, which 1s comparable to the electron heating otserved on PLT with
similar powers. At higher absorbed beam powevs (up to 5.5 MW) L\'I‘e/Pabs was
reduced. This effect appears to be due to the increase in line average
density which occurs with increasing beam power. In general, Tg, is found not
to increase linearly with ﬁe on either PLT or PDX with neutral beam injection,
and thus a density rise reduces ATe(o) (Goldston 1982). Central radiation on
PDX is typically found to be less than 10% of the total central input power,
as measured by the bolometer and substantiated by the soft X-ray and
ultraviolet measurements. Transport analysis of the electron energy
confinement in beam heated (P, > 1.5 MW, D° > H+) 500 kA circular discharges
indicates that the g3lobal energy confirement time for the thermal plasma was
about 23 ms, independent of beam power (Hawryluk 1982).

Magnetic equilibrium measurements of A =‘£i/2 + Be have been usad to
estimate the stored plasma energy. The change in A versus beam power for
several different currents is shown in Fig. 3. The internal inductance term
can be estimated from a simple model which depends only the value of g at the
limiter.’ The higher power discharges at 200 kA have reached values of Be
of ~ 2.0 without a clear indication of saturation with beam power as on ISX-B

{Swain 1981) or DITE (Lomas 1981). Since the electron energy increases

+ In this model we assume j = (1-(r/a)2)x, where x = q(a)/q(o)-1. q(o) is
taken to be the greater of g{a)/4, and 1. The estimated uncertainty in )i/z
for this model is t 15%.
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linearly with beam power, the equilibrium measurements imply that the stored
ene~gy in the beam and thermal ions also increases roughly linearly with beam
power. The magnetic measurements confirm the improvement in confinement with
plasma current seen in the ion heating results.

Recent attention on PDX has focused on the production and study of low q,
high B discharges at low toroidal fields. The highest toroidal beta, BT,
achieved to date is 3.2%, measured by the diamagnetic signal. This was
obtained with an absorbed beam power of 5.0 MW, at 1.0 T and with qw = 1.7,
assuming that all of the measured plasma current flows within the limiter
radius. The value of ﬁT from the equilibrium analysis was 3.0% for this
discharge. The difference may be due to beam anisotropy.

The dependence of B, on absorbed beam power has been documented for a

1.0 T, 300 kA plasma with m, = 4 x 1012, ang 9y = 2.1 (Fige 4). The beta
values shown here are derived from the equilibrium measurement. The g
dependent model for £;/2 is assumed. The time evolution of Ip and r'xe was

maintained constant despite the very different injected powers in the various

cases. In the OH case, however, while I was maintained at 300 kA, r_le was < 3

P

x 1013 em™3, Thus, the OH case may not be directly comparable with the

others. The data shown in the power scan were taken after 150 msec of beam
injection. As is normally the case with high B, discharges, B , I n and

pr ar

consequently Tp were increasing at the time the measurements were made.
Energy analysis of lower power (K 2.7 MW) cases with BT £ 2%, using a Monte
Carlo beam code which assumes neoclassical beam io. confinement, have shown
good agreement with the magnetically measured beta values. At higher powers
and beta values, the energy aralysis consistently gives higher values. Figure

5 shows the storxed plasma enerqgy determined from the equilibrium measurement

assuming isotropic plasma pressure. The data have been restricted to 300 ka



discharges, with Bp = 2.2 T and 1.0 T. The data suggest that the toroidai
field has little effect on stored plasma energy in the range 1.0 T - 2.2 T.
pistinctive MHD activity (Figs. 6 and 7), has been observed during high
BT discharges on the Mirnov coils, on the soft X-ray wave detector array, on a
fast neutron detector, and on the charge exchange signals. The Mirnov and
X-ray signals may be similar to what has been observed on JFT-2 (Yamamoto
1981) and ISX-B (Dunlap 1982). This activity may also be similar to the "fast
ion disruptions® which were observed on PLT during some high temperature runs
(PPPL 1981). On PDX, the soZt X-ray wave detector array indicates the
presence of am = n = 1 structure which grows and dies in short bursts (on a ¢
1 msec times scale), with a period between bursts of generally 2-5 msecs.
Each burst correlates with a packet of oscillations on the Mirnov coils. The
period between bursts appears to become shorter with lower toroidal field. On
a faster time scale, the internal structure at Bt = 1.0 T is seen to consist
predominately of a packet of ~ 11 kHz oscillations, although at the onset of
the bursts, frequencies up to 150 kHz have bheen observed. The 11 kHz
frequency may :orrespond to toroidal rotation of the m = n ; 1 structure at a
velocity equal to the measured plasma rotation velocity at the g = 1 surface
[(0.5 - 1) x 107 cm/sec] . The structure seen on the Mirnov coils is identical
in frequency and is phage locked to the mode observed on the ultra soft X-ray
signal (Fig. 6). The charge exchange signals (Fig. 7) show large spikes of
enhanced flux from thermal energies up to ~ 80 keV, which also correlate with
the bYursts. The enhanced flux 1is strongly peaked in the perpendicular
direction, especially at energles above the injection energy, and at cnergies
around 10 - 12 kev (Fig. 8). The internal 11 kHz structure of the individual
fishbones can also be seen on the charge exchange systems. They are observed

to be phase locked to the X-ray signals such that the enhanced efflux occurs
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when the hot spot of the internal structure ig facing the analyzers. In the
high BT discharges at high power, the slowing down spectra of the beam
particles show an indication of depletion due to the bursts, but the
quantitative effect on the stored beam energy and heating efficiency is 1s yet
unclear. The clearest signs of depletion occur at energies 3just below the
injection energy (35 keV € E < 50 keV) and at angles close to perpendicular.
With D° » ut injection, the neutron flux {(due predominately to beam~target and
beam-beam reactions) shows a rapid {~ 300 sec) ~ 3I0% decrease during each
burst, which clearly is indicative of the loss of fast ions from the slowing
down distribution. The oscillations become stronger with the application of
more beam power. With less than two beams, the normal sawtooth oscillations
occur, while increasing from two to four beams causes the activity to become

more pronounced with the addition of each beam.

3. PLT AUXILIARY HEATING RESULTS

With the addition of two more antennas on PLT, a substantial increase in
the power handling capability of the ICRF system has beén achieved (Hosea
1982). At 42 MHz the highest power delivered to the plasma has been increased
to 3 MW by using six 1/2 turn antennas, while the 25 MHz system has delivered
up to 1.6 MW using four of these same antennas. Both ion and electron heating
have been observed in the minority 3He and H heating regimes in deuteriunm
plasmas. In addition, ion heating has been observed in the second harmonic
regime.

The highest central deuterium temperature has been reached in the 3

He
minority regime with a deuterium plasma at 2.5 T using the 25 MHz system.
Figure 9 shows the neutron flux increased by roughly three orders of magnitude

with the application of 1.3 MW of ICRF power. The central deuterium



temperature deduced from this flux rose from 0.8 keV to 2.8 keV at a density
of Ay, ~ 3.2 x 10"3 en™3. This temperature rise is also measured by the mass
sensitive charge exchange system. The presence of an energetic 3e tail has
been confirmed by the measurement of 14.7 MeV protons from the d(3He, 4He)p
reaction as measured by a Si surface barrier detector (Chrien 1981). The
proton energy spectra are produced by reacting particles with an average
energy in the range 100-400 keV. The central electron temperature in a
similar 3He minority experiment was observed to rise from ~ 1 keV to ~ 2.2 kev
(Fig. 10) while the density rose from 3 to 3.8 x 1013 cm™3 with 1.5 MW of ICRF
power absorbed. These heating results are found to be consistent with
minority heating theory (Hosea 1979) which passes all ICRF power directly to

3

the He tail, and then couples this energy to the bulk electrons and

deuterons.

In the hydrogen minority case at 2.8 T and 42 MHz, preliminary
experiments with power levels up to 2.5 MW have been pexrformed. At power
levels of 1.4 MW, ion and electron heating have been documented. With an
input power of 1.4 MW for a duration of 300 msec, an increas..e of two orders of
magnitude in the production of neutrons from the majority deuterons was
observed. The deduced ion temperature rose from 0.7 to 1.7 keV.

The central ion heating efficlencies are compared in Fig. 11 for the

3

various minority regimes. The fundamental “He minority case shows the highest

ion heating efficiency with m = 56 x 1013l eV/kW cm3, while the H minority

mode shows an lon heating efficiency of o, = 3-4 x 1073 ewxw cm3. The
minority heating cases shown have been selected to represent the optimal ion
heating results observed in these experiments. The higher ion heating

34e case occurs partially because of the lower charge

efficlency for the
exchange losses for 3He, but also because the 3He couples more strongly to the

bulk plasma and therefore gives a larger fraction of its energy to the ions.

I
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The highest absorbed RF powers to date (3.0 MW) have been launched at
42 MHz into a 1.4 T hydrogen plasma. The resulting bulk ion energy
distribution produced by second harmonic heatinoa was found to be non-
Maxwellian (Fig. 12), in general gqualitative agreement with quasi-linear
velocity space diffusion theory. Diagnostic neutral beam measurements have
been used to show that the passively measured Adistribution is present in the
center of the plasma. The passively measured charge exchange distribution in
the second harmonic heating cases has been characterized by an effective

temperature defined by
T =i =2y e¥? e(pyae 7 [ £V ?%6(E)qE.

A T,gp of ~ 3.2 keV has been obtained at 2.8 MW at ng = 3.5 x 101 ™3, as
can be seen in Fig. 11, the increase in Teff has remained roughly linear with
increasing absorbed ICRF power in the absence of m = 2 activity. The second
harmonic heated dizccharges represented in Fige 11 were not optimized to
produce the best ion heating efficiencies. Caution sﬁould be wused in
comparing T, e With other measurements of Ty» If, for example, a similar T c¢
is calculated for the H minority case, the ratio of the effective temperature
to the bulk deuteron temperature is typically 1.2 - 1.5, Aue to the proton
tail contributions to the icn energy.

In general, the minority 3

He and H experiments show clear evidence of
electron heating at low minority concentrations consistent with expected tail

ion-electron coupling. In the second harmonic regime, no significant electron

heating has been observed perhaps owing to the degraded Tge at the required
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low operating toroidal fields (~ 1.4 T) and a large associated density rise.
Up to 1 eV/kW of electron heating at r'\e ~ 3 x 101‘-‘J em™3 has been observed in
the best minority H heating case with 600 kW on ICRF delivered. Similar
heating has been observed with the 3He case as described earlier.

Some initial low g, high f auxiliary heating experiments have been run on
PLT with the neutral beams plus ICRF. An experiment was performed with a
deuterium plasma at 1,7 T with 1.3 MW from the 25 MHz system and 1.8 MW of
deuterium beams. This combined beams plus minority hydrogen heating
experiment produced an electron energy of ~ 50 kJ corresponding to a Be value
of 0.7% (Fig. 13). The discharge has been found to be reproducible, generally
giving kinetic f; [from doppler broadening measurements of the T, profile
(Suckewer 1981)] and ﬂe 2 0.6% for comparable power levels. An energy
analysis with Te from Thomson scattering and Ti from doppler broadening
measurements with a conservative beam contribution to BT (ignoring any direct
beam -~ RF interaction) yields BT ~ 1.6%. Diamagnetic and equilibriam 8
measurements indicate a ST value of 1.8 - 2.2% (Hosea 1982). The ability to
gquote more exact measurements of f is Thampered at. present by the
interpretation of the magnetic signals.

Several other interesting discharges in the low g, high f regime include
a beam heatel discharge (1.8 MW D°) at 1.4 T with eyl < 1.6. Toroidal betas
values from energy analysis (based on TVTS and passive charge exchange) of 1%
have been obtained with 3 beam operation alone (1.7 MW absorbed), which is
close to the PDX results for similar conditions and powers. In the near

future, the available power from beams plus ICRF should allow exploration of

considerably higher beta regimes.
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4. LOWER HYBRID RESULTS

The PLT lower hybrid system (800 MHz) has [een operated in a density
range (1x1013 em™3 < n, < 3x10"3 em™3) to study bulk plasma heating, and in a
low density range (< 10'3 cn3) to study current drive (Stevens 1982). A
schematic of PLT and the lower hybrid system 1s shown in Fig. 14. The coupler
consists of six adjacent waveguides 3.5 cm x 22 cm each, with E parallel to
the toroidal magnetic field. Several improvements were added to the coupler
in September of 1981, which have increased the power from 35 to
125 kW/guide. These changes were:

1 The inslde surfaces were coated with cartun to reduce secondary
emission and thus multipacting (Ruzic 1982).

2) The ends of the wavequides facing the piasma were rounded.

3) The primary limiters were moved from near the coupler to a
location 80° toroidally away, in an effort to reduce neutral
gas near the coupler.

4) An additional gas puff located far from the LH coupler was
used. )

Although it is not clear which of these improvements was the most important,

2

the power in each wavequide was increased to 1.6 kW/cm“ without breakdown or

avrcing.,

Heating experiments in the higher density raage (1.7 > w/wjh > 1.0) have
shown an enhancement of 2.5 MeV neutron emission of roughly 2~1/2 orders of
magnitude. The emission decays with a 20 msec time constant after the lower
hybrid is turned off. An energetic ion tail is also observed on the
perpendicularly and ° horizontally scanning charge exchange analyzers
(Fig. 15). This tail is also observed by the spectral broadening of 3 MeV

rvotons from the d4(d,p)t reaction (Chrien 19€1). Active charge exchange
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measurements indicate that the perpendicular component of this tail is not
located in the center of <+the plasma. Although the horizontally scanning
charge exchange analyzer shows some bulk heating, preliminary results show
heating to be inefficient.

Lower hybrid current drive studies on PLT at densitiee below ~ 7 x 1012
com™3 have demonstrated the ability to sustain large plasma currents with RF
alone (Jobes 1982). The experiments are performed by either holding dIOH/dt =
0 or Iy, = 0 for the duration of the LH, where Iog is the primary current in
ohmic heating coils. During a typical current drive experiment (Ee =3 x 10"
cm-3, PLH = B0 kW) the electron and ion temperatures are held fairly constant
[Te(o) ~ 1.0 keV, Ti(o) ~ 400 eV]. Figure 16 shows a current drive discharge
where the plasma current was held constant by the lower hybrid for 3.5 seconds

-3 P

with dIg/dt = 0, iy = 3 x 10'2 em™, P, = 75 kW, and I, = 160 kA. The

P
length of the current pulse was limited by equipment safety considerations
rather than by any physics or lawer hybrid power handling limits. For shorter
times (0.3 scc) current levels up to 400 kA have been driven by the RF. The
current drive efficiency peaks with an adjacent waveguide.phasing of 60° to
90° (corresponding to a traveling wave in the electron drift directicn), while
the opposite phasing of -60° to =~90° produces little or no effect. With the
magnetic fields and plasma current reversed, the wavequide phasing must be
reversed to yield the same results.

In addition to the waveguide phasing, the current drive efficiency is
also dependent on the plasma current, density and lower hybrid power. For Ee

<6 x 1012 cm'a, we find that Ee IP/PLH =6 x 1012 A/W em3. The current drive

effect disappears above 1012 3,
The main current carrier in the plasma with lower hybrid current drive

appears to be a core of fast electrons in the center of the plasma. Evidence
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for these electrons is seen in both the electron cyclotron emission and the
%-ray radiation. The hard X-ray spectrum (20 - 500 %eV) measured vertically
thr sugh the center of the plasma shows the formation of an enhanced X-ray
distribution during lower hybrid current drive (Fig. 17). Horlzontal X-ray
gcans acrosse the body of the plasma column indicate that the X-ray emission is
mostly from the inner 15 cm of the plasma. The central X-ray distribution can
be modeled by assuming that a 15 cm core of electrons (~ 4% of the central
electrons) is flowing in the electron drift AQirection with a 150 keV,
relativistic, half Maxwellian velocity distrikation. Experiments are being
prepared to measure the photon energy distribution at other angles.

Rbove densities of about 7 x 1012 cm'3, the plasma current can no longer
be maintained at a constant level (Fig. 18). Above densities of 0.9 -~ 1 X
1013 cm_3, the current drive effect completely disappears. The inability to
drive current at higher densities appears to correlate with several things,
including the onset of RF decay wave spectra, a sharp cooling of the electrou

body temperature, and a theoretically predictod decrease in the n, spectrum of

1
the RF. These and other possible explanations for the current drive density

limit are under investigation.

5. CONCLUSIONS
In summary, on PDX: ion temperatures of ~ 6 keV have been obtained with
approximately perpendicular injection. Ion heating as well as plasma stored
enerqgy improve with current, whereas no change in stored energy is seen with
changes in toroidal field (2.4 T > Bp > 1.0 T). Beta values of 3.2% have been
achieved with f rising with increasing abuorbed beam power. However, MHD
benhavior observed &t high B appears to result in significant 1losses of

perpendicular bulk and suprathermal ions.
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On PLT, ICRF heating in both minority and second harmonic modes have
continued to higher power levels. The 3 MW level has been reached at 42 MHZ
in the second harmonic H regime. Experiments with ICRF plus beam heating have
produced substantial plasmas betas (2 1.6%) at relatively high magnetic fields
(1.7 7).

The lower hybrid experiments on PLT have demonstrated current drive at
plasma densities < 1 x 1913 cm'3, and have been used to maintain plasma
temperatures and drive plasma currents of ~ 400 kA for 0.3 seconds and 160 kA

for up to 3.5 seconds in the absence of any applied inductive fields.
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FIGURE CAPTIONS

Central ion temperature versus time for a hydrogen plasma with
deuterium inject.sn with Ip = 500 kA, B, = 2.24 T, and ﬁe = 3.8 x
1013 cm-3. The active charge exchange point taken durirg Iajectioa
is ~ 6 om off axis because of the Shafranov shift during heating.
The active charge exchange point taken during the ohmic phase is

~ 3 cm off axis.

Scaling of the peassively measured io. temperature as a function of
absorbad power divided by line average density in PDX. The density

is in the range 2 - 4 x 1013 ™3,

Increase in the magnetically determined 11/2 + Bp with absorbed beam

power for several plasma currents at a toroidal tield of 2.2 T in

PDX.

The increase in BT in PDX as measured from the eguilibrium fieid.
The scar was done at a toroidal field of 1.0 T, Ip = 300 kA, using a

circular plasma with D » H' and R/a = 143/40 cm.

The energy content from equilibrium magnetic measurements is comrared
for 2.2 T anéd 1.0 T discharges. The data are restricted to PDX

circu.ar discharges with 1. = 300 ka, 0 » E' and R, = 143 om.

MHD activity are observed during high power neutral injection on PDX
by the ultra soft X-roy wave detector array and by a Mirnov coil

located just inside the outside vacuum wall.
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The correlariorn of the MHD activity of high B PDX discharges as
observed on the Mirnov coils, the soft X-ray wave detector array, the

charge exrhange flux and the neutron flux.

he charre exchange flux during the MHD activity of 'iigh B PDX
discharges has been obdserved by the horizontally scanning analyzer at
two different tangency radii. The ratio of the fluxes is plotted as
a function ef energy. The flux 1is mecre strongly peaked in the
perpendicular direction when this ratio is low. The data points
nlotted wich the small arrows indicate that the data point is plotted

at the maximwa value for that point and is probably iowsr.

The neutrca flux and the deduced deuterium temperature for a 3He
minority deuterium plasma with 1.2 MW Jdelivered to the PLT plasma

rom 400 to 575 msec (f = 25 MHz, f, = 3.2 x 1013 em™3, B, = 2.5 T).

Thomson scattering measurements of electron heating from a 3ne

minority deuterium plasma with 1.5 MW delivered. The density rose

from 3 to 3.8 x 102 em™? during the heating.

The increase in passively measured ion temperature as a function of
absorbed ICRF power divided by 1line average density in PLT. The

3He and ¥ heating

lines ard open data points refer to the minority
cases. The solid points refer to second harmcnic heating cases.

Teff is definied in the text.
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The charge exchange energy distribution function taken during second
harmonic heating of a hydrogen plasma in PLT with 2.9 MW of absorbed
pover at 42 MHz with fi, ~ 4 x 10'%, I ~ 400 ka, and B = 1.4 T. The

solid curve 1is the fit used to find T.¢. as described in the text.

Electron temperature and density profiles from the PLT Thomson
scattering ~ 50 kJ of electron energy content which was achieved with

2.0 MW of D° beams and 1.3 MW of minority H heating (qcyl = 2.1).
Schematic of PLT and the lower hybrid system.

Perpendicular charge exchange spectrum during the application of 350

kW of lower hybrid power with A, = 1.9 x 1013 em™3. Rean 18 the

distance of closest approach of the sightline to the PLT axis of

symmetry.

The current and density from a PLT lower hybrid current drive
experiment where the lower hybrid was applied for 3.5 seconds with

dIOH/dt = 0.

PLT hard X-ray spectrum with and without lower hybrid at ﬁe = 6 x
1012 cm'a. The inset shows the time evolution of the plasma X rays
and the limiter X rays (inverted scale). The RF power is 200 kW and

is on from 300 to 700 msec.

de/dt versus density for several power levels showing that the

density dependence of the current drive on PLT encounters a cutoff at

roughly fi, = 8 x 1012 3.
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EFFECTS OF MHD ACTIVITY ON THE FAST IONS
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