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Effects of high-power ion-Bernstein-wave heating on the PLT tokamak plasmas have been investigat-
ed with up to 650 kW of rf power coupled to the plasma. A significant improvement in the deuterium
particle confinement (as much as 300%) during high-power ion-Bernstein-wave heating has been ob-
served. Associated with it, a longer injected-impurity—confinement time, reduced drift-wave turbulence
activity, frequency shifts of drift-wave turbulence, and development of a large negative edge potential
were observed. The ion heating efficiency, AT;(0)7,/P=6%10'* eV cm ~3/kW, without high-energy
tail ions, is relatively constant up to the maximum rf power.

PACS numbers: 52.50.Gj, 52.35.Hr

Plasma heating by directly launched ion Bernstein
waves (IBWH) has been actively investigated in recent
years.!"® As a result of their relatively short wavelength,
the ion Bernstein waves can heat the bulk-ion distribu-
tions,! and the wave polarization and the relatively wide
operating frequency range permit a flexible waveguide
launcher design,®!® attractive for the compact ignition
device.!' In previous lower-power tokamak IBWH ex-
periments (P;==60-150 kW), various interesting heat-
ing regimes were identified.>>'2!3 These initial experi-
ments demonstrated that IBWH can heat bulk ions even
at relatively high harmonics of the ion cyclotron frequen-
cy without producing a significant high-energy ion-tail
population. IBWH can also interact nonlinearly with
subharmonics of the ion cyclotron frequencies, giving
rise to new heating scenarios. >%7:13

In this paper, we report results of the PLT experi-
ments where the plasma transport and microturbulence
activities were significantly altered as a result of the ap-
plication of high-power IBWH (PZ Poy). The corre-
sponding heating and energy confinement behavior is
also discussed.

In order to excite preferentially the ion Bernstein
wave, a Bg-E, type loop coupler was used.? The high-
power IBWH antenna is a 60-cm-long and 5-cm-wide
single-loop antenna which is shielded from the plasma by
two layers of stainless-steel Faraday shields. The plasma
loading for this antenna was =2 Q, resulting in
(80—]490)% coupling of the applied rf power to the plas-
ma.

IBWH at high power levels was performed in PLT cir-
cular limiter discharges with major and minor radii of
132 and 39 cm. With two IBWH antennas, up to 650
kW of rf power was coupled to the plasma. The 3He and
3 Qp heating regimes were investigated with use of the
PLT 30-MHz transmitters. Typical heating results are
shown in Fig. 1(a), where a time evolution of the ion
temperature is shown for 3 Qp heating at the 500-kW

level in a deuterium plasma with 7, =3x10"3 cm 73.

Three 7; diagnostic techniques, Doppler broadening
(Tixx1), charge exchange (Cx), and neutron emission,
are in good general agreement within the uncertainties of
each diagnostic. The charge-exchange velocity distribu-
tion is Maxwellian without any high-energy tail ions up
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FIG. 1. (a) A typical time evolution of ion temperature.
P=500 kW, F=30 MHz, Bo=29 kG, % Qp, I, =500 kA,
Pou=550 kW, and # =3.0x10'"* cm ™3 (b) Temperature
profiles at ¢ =600 msec.
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to the highest-power level. The ion-temperature profile
as measured by the Doppler broadening of various ion
lines is centrally peaked [Fig. 1(b)]. In the 500-
600-kW range, the central Doppler ion temperature
reaches =2 keV, which exceeds the central television
Thomson-scattering electron temperature. The time evo-
lution of the plasma density is shown in Fig. 2(a). The
dashed curves are that of an Ohmic case where the gas
feed is programmed to yield a similar density evolution.

During IBWH, the particle confinement shows a
significant improvement.* A clear example is shown in
Fig. 2(a), where the plasma density increases by more
than a factor of 3. This occurs without active gas puffing
and without increasing particle recycling, as indicated by
a drop in the D, emission. As shown in Fig. 2(b), the D,
emission near the antenna-limiter region (the main recy-
cling region) during IBWH (solid curve) is significantly
less than that in the programmed OH (dashed curve)
case. This density rise during IBWH does not correlate
with the impurity influx measured by various spectro-
scopic instruments, a bremsstrahlung-based Z meter,
and a scanning bolometer. This behavior can be seen in
Fig. 2(a) where the time evolution of average Z.q,
(Z o) < ToremT§2n,~2, where Iyrem is the bremsstrahlung
radiation intensity, is plotted. Also, the large increase in
neutron level (a factor of 500) shows that the incremen-
tal density is due mainly to deuterium. The density
profiles during IBWH are peaked, similar to the simulat-
ed Ohmic case.

Associated with this improvement in the particle
confinement, a number of interesting phenomena were

observed. During IBWH, the low-energy neutral flux
levels (at energies less than 1 keV) decrease signifi-
cantly.” This drop may be related to the drop in the D,
emission. In order to understand further the particle
transport processes during IBWH, a laser blowoff impur-
ity injector was used to inject a trace amount of seleni-
um. The decay time of the Se XXV radiation increases by
a factor of 2 from the Ohmic level (from 50 to 100
msec). Since during the observation time, the central
electron density and temperature are nearly constant for
both cases, the selenium-line behavior gives an indication
of the central selenium confinement. Similar behavior
was observed with a helium gas puff. With injection of a
given amount of helium with a preprogrammed fast gas
valve, the net density rise during IBWH is at least twice
the level of the no rf case, again suggesting an improve-
ment in the particle confinement time. The similar
confinement behavior for low-Z ions (hydrogen and heli-
um) and high-Z ions (selenium) suggests nonneoclassical
particle diffusion behavior. '

Another striking effect of IBWH is in the change of
the low-frequency turbulence activity in the plasma. A
microwave scattering system'é was used to investigate
the turbulence in a half-radius region between the ¢ =1
and g =3 surfaces, » =25+ 10 cm. It is generally be-
lieved that the low-frequency turbulence activity in this
region plays an important role in anomalous transport
processes in tokamak plasmas.!” In Fig. 3(a), the time
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FIG. 2. (a) Density time evolution for IBWH case (solid
curve) shown in Fig. 1 and Ohmic case (dashed curve), in
which the gas puffing was used to simulate the density rise of
the IBWH case. (Z.q) evolution during IBWH is shown by the
broken curve. (b) Time evolution of D, emission for IBWH
and Ohmic cases taken near the antenna-limiter region.
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FIG. 3. (a) Time evolution of low-frequency turbulence lev-
el at 100 kHz for the two cases. k(scatt)=6-8 cm ! at
r=252%10 cm. Inset: Frequency spectrum at =710 msec
for the two cases. (b) Time evolution of the plasma edge float-
ing potential.
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evolutions of the scattering signals at 100 kHz for both
the IBWH and simulated Ohmic cases are shown. In
this case, the scattered wave number is 6-8 cm ~!. One
can see a significant drop in the turbulence level during
IBWH as compared to the simulated Ohmic case. In the
inset, the frequency spectrum in each case is shown im-
mediately after the end of rf ( =710 msec). A frequen-
cy shift along with the amplitude reduction occurs dur-
ing IBWH. Since the plasma density and electron tem-
perature profiles are similar in both cases, one can rule
out the possibility of a change in the scattering volume
or the diamagnetic drift velocity. From the frequency
shift, one can infer a net increase of the poloidal rota-
tional velocity of approximately 5x10* cm/sec in the
electron diamagnetic drift direction. This drift velocity
would correspond to an electric field of 15 V/cm in the
radially inward direction. It should be noted here that
this clear reduction in the drift-wave activity correlates
well with a longer impurity particle confinement time.
Measurements with an rf-shielded Langmuir probe in
the plasma edge have shown the development, during
IBWH, of a large floating potential which is negative
with respect to the chamber wall [Fig. 3(b)]. This obser-
vation is again correlated with the appearance of a fre-
quency shift in the turbulence spectrum. These observa-
tions may be related to the results of recent limiter-bias
experiments, where negative bias has produced some im-
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FIG. 4. (a) Ion heating as a function of rf power for *He-
minority regimes. (b) Global energy confinement time as a
function of the plasma line-averaged density.
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provement in particle confinement with a corresponding
reduction in the edge low-frequency turbulence activi-
ty.'® Reduced turbulence activity was also observed dur-
ing the H-mode phase of neutral-beam-heated PDX
plasmas where the particle confinement showed an im-
provement. '°

Plasma energy confinement during IBWH is of in-
terest because of its bulk-ion heating properties. The ion
heating efficiency as shown in Fig. 4(a) is nearly con-
stant up to a 650-kW level, with a heating quality factor
of AT;(0)7/Py=(6-7)x10" eV cm ~3/kW which is
comparable to the best PLT ion cyclotron-resonance
heating efficiency.?’ It is interesting to note that both
3He and 3 Qp heating have similar heating efficiencies.
The toroidal magnetic field for 3 ap heating is about
10% lower than the *He case and the 3 Qp regime, of
course, requires no °‘He injection. The ion heating
efficiency decreases significantly when the resonance lay-
er is moved outside of the ¢ =1 surface, r=15 cm. In
Fig. 1(b), the calculated ion-temperature profiles, on the
assumption of an Ohmic ion-energy diffusion coefficient,
are plotted as dashed curves and agree quite well with
the measured profile. This provides an indication that no
significant ion-transport deterioration occurred during
IBWH.!3 However, the global energy confinement
shows a gradual degradation of confinement time with
increased rf power as shown in Fig. 4(b). At 650 kW,
the confinement time is about 40 msec at 77, =4.5x10!3
cm 3, which is significantly below the Ohmic value of
50-55 msec, but appears to be higher than the L-mode
scaling time of =33 msec.?! The IBWH confinement
time actually increases with the plasma density, similar
to the results on PLT with fast-wave ion-cyclotron-
range-of-frequencies heating,?> whereas neutral-beam
L-mode scaling tends to be relatively constant with den-
sity. The deviation from Ohmic confinement can be at-
tributed to an increase in the electron-loss channel,
which is mainly due to the increased radiation loss. The
radiation profile during IBWH as measured by a scan-
ning bolometer shows a more centrally peaked profile,
with the total radiated power increasing by a factor of 3.
However, the electron diffusivity, which takes this radia-
tion loss into account, remains Ohmic-like.

To investigate the scaling of energy confinement with
plasma current, the current was varied between 200 kA
(gedge =10) to 630 kA (geqge=3) with a constant rf
power level of 250 kW. The PLT discharges in this
current range exhibit sawtoothing activities and the radi-
ation loss is relatively small for this rf power level. We
find that for a given rf power, the ion-temperature in-
crease remains constant down to the lowest current of
200 kA. The normalized confinement time, tg/n,, also
remains relatively constant. This behavior may be due to
the bulk-ion heating characteristic of IBWH that fast
ion losses are negligible, even for the low-current case.

In conclusion, with application of high-power IBWH
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(P2 Poy), significant improvement in the deuterium
particle confinement and reduction in the microtur-
bulence activity were observed. Correlated with this be-
havior, longer confinement time of injected selenium and
helium and development of a radially inward electric
field and of a large negative edge floating potential were
observed. The ion heating produced very few tail ions
and remained efficient up to the highest power level
(P=650 kW). The global plasma energy-confinement
time at the highest power levels showed some degrada-
tion from the Ohmic level, which was attributed to an in-
crease in radiative losses. The ion heating and the ener-
gy confinement remained relatively constant as the plas-
ma current varied. It is interesting to note that over all,
IBWH-produced plasmas have many similarities with
H-mode plasmas although the IBWH-produced plasmas
show more peaked density profiles, an indication of the
particle-transport improvement in the inner region of the
plasma.
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