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Ion-Bernstein-wave heating is investigated in the JIPPT-II-U tokamak plasma, 7#,==1.5x1013
cm™3, T,0=700 eV, and T,;==300 eV for P,;< 100 kW. When the %QH layer is placed near the
plasma minor axis, the bulk—hydrogen-ion temperature shows a significant rise, A 7;; < 700 eV and
AT;, =300 eV. The ion-heating dependence on the magnetic field and rf power suggests a pres-
ence of a direct bulk-hydrogen heating mechanism at o = %QH.

PACS numbers: 52.50.Gj, 52.55.Fa

Ion-Bernstein-wave heating is an ion-cyclotron-
resonance—frequency heating concept that utilizes
directly launched ion-Bernstein waves to carry the rf
power deep into the reactor plasma core. Ray-tracing
calculations predict that the ion-Bernstein waves
(IBW) have excellent accessibility to the hot, dense
core of reactorlike plasmas for a wide range of
launched parallel index of refraction, ny,=ck,/w.!
Because its short-wavelength nature makes the
perpendicular-wave phase velocity comparable to the
ion thermal velocity (w/k, = V,;), IBW is expected to
heat bulk ions even at relatively high ion cyclotron
harmonics of fusion ions. In the recent ACT-I experi-
ment, an excellent bulk-ion heating with a quality fac-
tor, commonly defined as a product of the peak ion-
temperature rise and the line-averaged density normal-
ized by the loaded rf power, of AT; n,/Py=10
eVx 10! cm~3/W has been observed for the density
range of n,=1019-10!! cm~3.2 The present JIPPT-
II-U experiment represents the first experimental at-
tempt to test this heating concept in a realistic, sheared
tokamak plasma with a significant scaling up of param-
eters from the ACT-I experiment. The JIPPT-II-U
plasma has a major radius (Ry) of 91 cm and a minor
radius (rg) of 23 cm which was recently increased
from 15 cm.3

Figure 1(a) shows a schematic of the IBW antenna,
which is a By-loop antenna (a Nagoya type-III anten-
na*) with poloidal Faraday shield to simulate a single-
E,-waveguide antenna. The coupling to the fast wave
should be minimal for this antenna.’ In ACT-I, this
type of loop antenna was observed to launch a radially
inward-propagating IBW wave packet with good load-
ing characteristics.>® In the present experiment, a
40-MHz transmitter has been used which is suitable
for the second-harmonic IBW launching’ in a hydro-
gen plasma at 1.8-T toroidal field By which is given at
R =91 cm. Typically 80% of the transmitter power is
coupled to the plasma. The rf power is defined here to
be that of the power coupled to the plasma.

The wave-power absorption can be provided by the
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third ion-cyclotron harmonic of deuteriumlike ions. In
this experiment, the deuteriumlike ions are introduced
by addition of “He to the hydrogen gas, using a
premixed He-H gas of known concentration. The heli-
um concentration quoted in this paper is that of the
premixed value, since the actual ion concentration in
the center of the plasma is not known. One should
note that if the low-z impurity level is sufficient, those
fully stripped impurity ions (C*% 0%8) can also pro-
vide the absorption layer. Although the experimental
observation as we shall describe here does not quite
agree with this linear-theory picture, it may be helpful
to discuss what is expected from the linear theory. To
calculate for the power deposition profiles, we used the
tokamak ray-tracing code,! which contains the well-
known linear-absorption processes such as the ion-
cyclotron-harmonic damping and electron Landau
damping. In Fig. 1(b), we show the calculated wave-
power deposition profiles for our typical plasma param-
eters for the optimum field, Bp=1.8 T, and for the
off-axis case, Bo=1.89 T. As can be seen in the fig-
ure, at the optimum field (By=1.8 T), the resonance
absorption-layer position is very close to the plasma-
axis position (R =93 cm). In the inset, the ray trajec-
tories are shown where the rays are released from vari-
ous antenna poloidal positions to reflect the finite size
of the antenna structure. One can see that the rays
follow roughly horizontal paths and show slight focus-
ing behavior toward the minor axis. The wave power-
deposition profile for the on-axis heating case is much
more peaked than the off-axis case because of the
smaller heating volume. Therefore, under normal
confinement conditions, we expect the heating to be
strongly optimized near By=1.8 T.

Representative traces of the Ohmic discharge used
in the experiment are shown in Fig. 1(b); 7,=110 kA
[q(edge) =4.0], n,=1.5%x1013 cm™3, T,,=700 eV,
and T;o=300 eV, where I, is the Ohmic current and ¢
is the safety factor. The toroidal field, Bo=1.8 T,
remains essentially flat during the heating. The plas-
ma density rises during rf as can be seen in Fig. 1(b).
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FIG. 1. (a) Schematic of IBW By-loop antenna. (b)
Power deposition profiles of IBW for By=1.8 T (solid
curve) and for By=1.89 T (dashed curve). T;=300 eV,
T.o=700 eV, n,=1.5%x10"% cm~3, 10% H,, f=40 MHz,
and P,;=60 KW. Inset: Rays with n; = %3 released from
each poloidal position for By=1.8 T case. (c) Typical Ohmic
heating current and line-averaged plasma-density time evo-
lutions.

In Fig. 2, we show typical ion-heating data obtained in
a hydrogen discharge with ~— 60 kW of the loaded rf
power [Fig. 2(a), inset]l. The hydrogen-ion tempera-
ture evolution monitored by a perpendicular charge-
exchange analyzer is shown as open circles in Fig.
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FIG. 2. (a) lon-temperature time evolution with and
without rf. Inset: rf power (loaded). Solid curve: Simula-
tion with the assumption of direct hydrogen heating. (b)
Charge-exchange raw signal before and during rf. By=1.8 T,
I,=110kA, 7ip=1.5x10" cm~3, and f =40 MHz.

2(a). The corresponding data without rf are shown as
solid circles. The application of rf increases the per-
pendicular hydrogen-ion temperature from 300 to 800
eV in 5-10 msec. The corresponding charge-exchange
raw signal obtained from averaging approximately
twenty shots is shown in Fig. 2(b). The velocity distri-
bution appears to be Maxwellian with no significant
tail being observed.

To make sure the heated hydrogen ions are com-
pletely thermalized as suggested from the linear-
heating model, we have moved the charge-exchange
analyzer to a tangential port to measure 7;,. The T},
charge-exchange data taken in a similar plasma
discharge with comparable rf power level are shown
with open triangles in Fig. 2(a). The corresponding
energy distributions are shown in Fig. 2(b). We ob-
serve a significant temperature differential between L
and |l hydrogen-ion temperatures, which suggests the
presence of a direct hydrogen-ion heating process.

The observed ion heating depends strongly on the
magnetic field, as shown by Fig. 3(a), where the per-
pendicular ion-heating quality factor is plotted as a
function of magnetic field with the use of data in the
60-80-kW power range. The ion-heating quality factor
peaks near By=1.8 T, corresponding to the %QH layer
near the center of the plasma (R =93 cm). We note
that at this field level, the hydrogen harmonic reso-
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FIG. 3. (a) Ion-heating quality factor, AT 7o/Py(eV
x 1013 cm~3/kW), as a function of toroidal magnetic field,
By(R =91 cm). He concentrations as labeled. F =40 MHz
and P,(loaded) = 60-80 kW. Solid curve: Simulation value
with the assumption of Ar(power deposition) =4 cm at
3 Qy layer. (b) AT;; and AT}, vs rf power for various He-
H gas-mijxture concentrations (as labeled). F =40 MHz and
By=1.8 T. Solid and dashed curves are simulation values
for AT;, and A T}y, respectively.

nance layers, Qg and 2Qy, are completely outside of
the plasma, and therefore the usual resonant accelera-
tion of hydrogen ions can be ruled out. An addition of
helium ions that can provide 3y, resonance absorp-
tion at the same location has not produced significant
changes in the ion heating as shown in Fig. 3(a). The
charge-exchange data, of course, are not affected by
the minority ions such as helium and impurities, since
they are multiply ionized. The impurity levels are ob-
served to vary little with the magnetic field, showing
no correlation with the observed ion heating.

In Fig. 3(b), we show the measured ion-temperature
increase as a function of the rf power for various He
minority concentrations. The perpendicular ion tem-
perature appears to go up nearly linearly with the rf
power. The parallel ion temperature, on the other
hand, shows a very nonlinear rise which appears to sat-
urate at high power range.

In order to compare the observed heating result with
theory, we have performed a series of model ion-

power-balance calculations using tokamak transport
codes. First, by using the tokamak transport code BAL-
DURS® to understand the temporal evolution of the ob-
served ion temperature, we find that the 7', rise time
matches well with the experimental value if one as-
sumes a direct power description into the hydrogen
ions, which is shown as a solid line in Fig. 2(a). If an
indirect heating through collisions is assumed, the rise
time is slower similar to the 7' rise time. Second, the
magnetic field dependence of 7;, can be reproduced if
the rays are assumed to be absorbed at the %QH layer
by the L component with an effective radial absorp-
tion spread of —4 cm. This result is shown by a solid
curve in Fig. 3(a). Finally, in Fig. 3(b), we also show
the calculated A7;, and A 7;;, as a function of rf power
as solid and dashed curves, respectively. The T -T)
differential increases with power, since the higher tem-
perature means the lower collisional coupling. This
picture appears to be consistent with the experimental
observation. In these ion-power-balance calculations,
the Ohmic-level ion-energy transport coefficient
[X; = 3X;(neoclassical)] has been used.

An ion-heating process at %QH has been observed
in the particle-simulation investigation of IBW heat-
ing.? This nonlinear process due to a type of stochastic
acceleration at 3 Qy can directly heat the bulk ion dis-
tribution at relatively low power threshold ( > 15 kW
for the present experimental condition). This bulk-
heating picture agrees with the experimentally ob-
served, nearly Maxwellian, perpendicular velocity dis-
tribution [Fig. 2(c)]. Also recently, a possibility of the
nonlinear Landau damping!® at 3 Q4 has been pointed
out showing that this process can occur at low power
level.l! This nonlinear process also heats bulk ions,
since w/k, = V. Because of its wider effective in-
teraction width ( > 1 c¢cm) as opposed to the conven-
tional cyclotron-harmonic damping (<1 cm), this
process can absorb the wave completely before it
reaches the harmonic absorption layer.!! These
theoretical pictures appear to be consistent with the
experimental observation. We should note that, in
this experiment, we have not observed significant
electron heating, A7, < 100 eV. This is not surpris-
ing, since with the present single-loop (unphased) an-
tenna, very little direct electron heating is expected.

In conclusion, efficient bulk-hydrogen-ion heating
by the externally launched ion-Bernstein wave has
been observed in the JIPPT-II-U tokamak plasma.
The heating efficiency is relatively insensitive to the
minority-ion concentration; however, it is strongly op-
timized when the resonance layer is placed near the
plasma axis. The hydrogen-ion temperature exhibits
an increasing anisotropic behavior, 7, > T, as the rf
power is raised. The observations are generally con-
sistent with presence of a direct hydrogen-heating pro-
cess at the +Qy layer. This absorption mechanism
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may be attractive, since it can be utilized to heat
directly the bulk distribution of the majority fusion
ions for better thermalization and confinement. It is
therefore important to understand fully this %QH
heating mechanism for better control and extrapola-
tion toward future heating experiments.
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