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ABSTRACT 

Ion Bernstein wave heating (IBWH) has been investigated on PLT with up to 
650 kW of rf power coupled to the plasma, exceeding the ohmic power of 
550 kW. Plasma antenna loading of 2 a has been observed, resulting in 80-90? 
of the rf power being coupled to the plasma. An ion heating efficiency of 
AT^OJn /P f = 6 x 10'3 eV cnT-VkW, without high energy tail ions, has been 
observed up to the maximum rf power. The deuterium particle confinement 
during high, power IBWH increases significantly (as much as 300%). 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 energy 
confinement time, however, shows some degradation from the ohmic value, which 
can be attributed to the enhanced radiation loss observed during IBWH. The 
ion heating and energy confinement time are relatively independent of plasma 
current. 
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Plasma heating by directly launched ion Bernstein waves (IBWH) has been 

actively investigated in recent years ° as an alternative to conventional 

heating methods. Due to their relatively short wavelength, the ion Bernstein 

waves can heat the bulk ion distributions even at relatively high harmonic 

frequencies. The wave polarization and the relatively wide operating 

frequency range permit a flexible waveguide launcher design,' ° which is 

attractive even for the compact ignition device. 

In previous lower power tokamak IBWH experiments, various interesting 

heating regimes were identified. In JIPPT-II-U, a strong ion heating regime 

at 3/2 ftn and an electron heating regime at the fS^-minority resonance-^ were 

observed. On PLT, efficient heating regimes including 5 Jig, H-minority, -̂ He-

minority, and 3/2 n n were observed. ''^ The rf power for these experiments 

was 60-150 kW. The observed ion heating quality factor AT^CO)n e/P r f was about 

3-6 * 10 ^ cnT-VkW for these regimes. These initial experiments oemonstrated 

that IBWH can heat bulk ions even at relatively high harmonics of the ion 

cyclotron frequf'jy 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. ' ''' ^ 

In this paper, we report results of the PLT high power IBWH experiments 

(Pr£. - P o n ) , where plasma confinement issues could be tested. It was of 

particular interest to study the confinement properties arising from bulk ion 

heating, as opposed to those from high-energy-ion-based heating such as fast 

wave ICRF and neutral beam heating. 

In order to excite preferentially the ion Bernstein wave (as opposed to 

the fast wave) a Bg-S z type loop coupler was used.2 The rf current for this 

antenna flows in the toroidal direction, whereas the fast wave antenna has its 

current flowing in the poloidal direction. The new high power IBWH antenna is 



DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the 
United States Government. Neither the United States Government nor any agency 
thereor, nor any or their employees, makes any warranty, express or implied, or 
assumes any legal liability or responsibility for the accuracy, completeness, or use­
fulness of any information, apparatus, product, or pioccss disclosed, or represents 
that its use would not infringe privately owned rights. Reference herein to any spe­
cific commercial product, process, or service by trade name, trademark, manufac­
turer, or otherwise does not necessarily constitute or imply its endorsement, recom­
mendation, or favoring by the United States Government or any agency thereof. 
The Ar.vis and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof. 



3 

a 60-cm long and 5-ctn wide simple loop antenna. The distance from the current 
strip to the back plate is 5 cm. The antenna is covered with MACOR cover 
plates. Between the MACOR and the plasma, there are two layers of stainless 
steel Faraday shields. The antenna is protected by graphite plates placed 
toroidally on both sides of the antenna. Two high power IBWH antennas were 
installed on PLT. With these antennas up to 800 kW of rf power could be 
applied to the antenna. The plasma loading for such an antenna was - 2 S2, 
resulting in 80-90J coupling of the applied rf power to the plasma. ' Overall 
antenna performance was similar to the PLT high power fast wave antenna. 

IBWH at high power levels was performed in PLT circular limiter 
discharges with majo^ and minor radii of 132 cm and 39 cm. The ^He and 3/2 fln 

heating regimes were investigated utilizing 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 3/2 0 n heating at the 500 kW level in a deuterium 
plasma with fie = 3 * 10'^ cm"3. Three T* diagnostic techniques, Doppler 
broadening (Ti XXI), charge exchange (Cx), and neutron emission, are in good 
general agreement within the uncertainties of each diagnostic. The charge-
exchange velocity distribution is Maxwellian without any high energy tail ions 
up to the highest power level. The ion temperature profile as measured by the 
Doppler broadening of various ion lines is centrally peaked, similar to the 
ohmic profile [Fig. Kb)]. In the 500-600 kW range, the central Doppler ion 
temperature reaches = 2 keV, which exceeds the central TVTS (television 
Thomson scattering) electron temperature. The time evolution 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 
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more than a factor of three. This occurs without active gas puffing and 

without increasing particle recycling, as indicated by a drop in the D a 

emission. As shown in Fig. 2(b), the D emission near the antenna-limiter 

region (the main recycling 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 

spectroscopic instruments, a Bremsstrahlung based "Z"-meter, and a scanning 

bolometer. Also, the large increase in neutron level (a factor of 500) shows 

that the incremental density is due mainly to deuterium. The density profiles 

during IBWH are similar to the simulated ohmic case as shown by Fig. 2(c). 

The density in the limiter scrape-off region is less for the IBWH case, 

suggesting a steeper density gradient in the plasma edge region. 

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 significantly.' This drop may 

be related to the drop in the D emission. In order to further understand the 

particle transport processes during IBWH, a laser blow-off impurity injector 

was used to inject a very small amount of selenium. As shown by Fig. 3(a), 

the decay time of the Se XXV radiation increases by a factor of two from the 

ohraic level (from 50 msec 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. By 

injecting a given amount of helium with a pre-programmed fast gas valve, the 

net density rise during IBWH is at least twice the level of the no rf case, 

again suggesting an improvement in the particle confinement time. This 

relatively similar confinement improvement for the low Z ions (hydrogen and 
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helium) compared with the high Z ions (selenium) suggests non-neoclassical 
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'^ was used 
to investigate the turbulence in a half-radius region between the q-1 and q=3 
surfaces, r = 25 ± 10 cm. It is generally believed that the low frequency 
turbulence activity in this region plays an important role in the anomalous 
transport processes in tokamak plasmas. In Fig, 3(b), the time 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 - 1. 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 immediately after the end of rf (t = 710 msec). A frequency shift 
along with an amplitude reduction occurs during IBWH. Since the plasma 
density profiles are similar in both cases, one can rule out the possibility 
of a change in the scattering volume. From the frequency shift, one cr.n infer 
a net increase of the poloidal rotational velocity of approximately 5 * 
10 4 cm/sec in the electron diamagnetic drift direction. This drift velocity 
would correspond to an electric field of 15 volt/cm in the radially inward 
direction. It should be noted here that this clear reduction in the drift 
wave activity correlates well with the long impurity particle confinement. 
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(c)]. This observation is again 
correlated with the appearance of a frequency shift in the turbulence 
spectrum. These observations are indeed similar to the results of recent 
limiter-bias experiments, where negative bias has produced improved particle 
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confinement with a corresponding reduction in the low frequency turbulence 

activity." One may also note that a general .-eduction of the turbulence 

activity was observed during -.the H-mode phase of the neutral-beam-heated PDX 

plasmas where the plasma density showed a similar rise. 

The mechanism for the negative potential produced during I3WH is not well 

understood. One possible mechanism for the negative charging of the plasma is 

the enhancement of the ion losses from the plasma as is believed to occur 

during counter injection of neutral beams. 1 This is not obvious for IBWH 

since we do not see a significant generation of high energy tail ions nor any 

evidence of an edge ion heating. Another possible mechanism is enhanced 

electron particle confinement, perhaps related to the reduction in the low 

frequency turbulence activity, which can also charge the plasma negative. 

Plasma energy confinement during IBWH is of interest due to its bulk ion 

heating properties. The ion heating efficiency as shown in Fig. 4{a) is 

nearly linear up, to a 650 kW level, with a heating quality factor of AT^O) 

ii e/P r f = 6-7 x 10 ̂  ev em"3/kW which is comparable to the best PLT ICRH 

heating efficiency. It is interesting to note that both ^He and 3/2 aQ 

heating have similar heating efficiencies. The toroidal magnetic field for 

3/? ftp heating is about 10S lower than the -%e case and the 3/2 Q n regime, of 

course, requires no 'He injection. In Fig. 1(b), the calculated ioa 

temperature profiles, assuming an ohmic ion energy diffusion coefficient, are 

plotted as dashed curves and agree quite well with the measured profile. This 

provides ar. indication that no ion transport deterioration occurred during 
13 IBWH, I J 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 n e = 4.5 * 1 0 ^ cm -3, which is 

significantly below the ohmic value of 50-55 msec, but appears to be higher 
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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 ICRF heating, whereas neutral beam L-mode scaling tends to be 
relatively constant with density. The deviation from ohmic confinement can be 
attributed 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 scanning bolometer shows a more centrally peaked profile, with the total 
radiated power increasing by a factor of three. However, the electron 
diffusivity, which takes this radiation loss into account, remain? ohmic-like. 

To investigate the scaling of energy confinement with plasma current, the 
current was varied between 200 kA ( q e d g e = 10) to 630 kA ( q e d g e = 3) with a 
constant rf power level of 250 kW. We find that for a given rf power, the ion 
temperature increase remains constant down to the lowest current of 200 kA. 
The normalized confinement time, -co/fi , also remains constant as can be seen 
in Fig. 4(a). This behavior may be due to the bulk ion heating characterise 
of IBWH that fast ion losses are negligible, even for the low current case. 

During IBWH, an increase in the influx of metallic impurities 
(predominantly iron) was observed. This high-Z impurity influx, together with 
the longer particle confinement, can result in non-negligible central 
radiation losses during high power (high density) IBWH. Therefore, it is 
quite important in a successful high power IBWH experiment to reduce the iron 
influx level as much as possible. In order to understand the source of the 
iron impurities, the Faraday shields of one of the antennas were coated with a 
20-u-thick carbon filin.2^ For the same rf power level, the antenna with the 
carbon-coated outer shields produced half as much iron influx (and half as 
much central bolometric radiation) as the uncoated antenna. When the Faraday 
snields were fully coated (inner and outer), the iron level decreased by 
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another factor of two. The ion heating efficiency and the density rise, 
however, remained relatively independent of tht coating. This indicates that, 
most of the iron influx originated from the Faraday shields, making the 
Faraday shield design one of the most important elements of future IBWH 
antenna development. This finding also makes an IBWH waveguide launcher an 
even more interesting prospect for future IBWH experiments. 

In conclusion, efficient ion heating by IBWH was observed in the ^He and 
3/2 n„ regimes up to the highest power level (?rp = 650 kW). With the 
application of IBWH, significant improvement in the deuterium particle 
confinement time was observed. Associated with this improvement, longer 
confinement time of injected selenium and helium, reduced low frequency 
turbulence, and development of a large negative floating potential were 
observed. The global plasma energy confinement time at the highest pcver 
levels showed some degradation from the ohmic level, which was attributed to 
an increase in radiative losses. The ion heating and the energy confinement 
remained relatively constant as the plasma current varied. The ion energy 
distribution remained Maxwellian for the entire power range. Finally, it; is 
interesting to note that overall, IBWH-produced plasmas have many similarities 
with H-mode plasmas. In view of these results, it is now important to 
investigate IBWH in a diverted plasma, as well as in conjunction with strong 
neutral beam heating. 
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Figure Captions 

Fig. 1 Ion Heating, (a) A typical time evolution of ion temperature. P r f = 
500 kW, F = 30 MHz, B Q = 29 kG, 3/2 S1D, I = 500 kA, P Q H = 550 kW, 
and n = 3.0 x cm"^. Other parameters are shown in rigs. 1(b) and 2. 
(b) Temperature profiles at t = 600 msec. Circles are the measured 
Doppler ion temperatures. The solid curve is the measured TVTS 
electron temperature profile. The dashed curves are ion temperature 
profiles calculated assuming an ohmic ion transport coefficient. 

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. (b) Time 
evolution of D emission for IBWH and simulated ohmic cases taken 

a 
near the antenna-limiter region. (c) Density profiles at 
t - 600 msec for IBWH and a simulated ohmie case shown in 
Fig. 2(a). (d) Corresponding electron temperature profiles. 

Fig. 3 (a) Time evolution of the selenium XXV resonance line intensity for 
i 

IBWH and a simulated ohmic case. The selenium was injected at t = 
550 msec. (b) Time evolution of low frequency turbulence level at 
100 kHz for the two cases. k(scatt) = 6-8 cm - 1 at r = 25 ± 10 cm. 

Insert-Frequency spectrum at t = 710 msec for the two cases. 
(o) Time evolution of the plasma edge floating potential. 
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(a) Ion heating as a function of rf power for JHe-ninority (B Q = 
32 kG, = 10? 3He) and 3/2 n n(B Q = 29 kG, 0% 3He) regimes, (b) Global 
energy confinement time as a function of the plasma line averaged 
density. The circles are the measured ohmic confinement time. The 
solid dots are the measured IBWH values. The corresponding injected 
rf power is shown in parentheses. The triangles are the values 
calculated from the L-mode scaling at comparable auxiliary heating 
power, (c) Normalized global confinement time as a function of plama 
current for a fixed rf power, P f = 250 kW (solid dots). The circles 
are the rf to ohmic power ratios. 

* 
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