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ABSTRACT

A hydrogen beam of 16 kv, 4 A was co-injected into hy-
drogen plasmas and coupled to an rf of 800 MHz, up to 150 kW.
It has been observed with the measurement of parallel charge-
exchange neutrals that the fast ions above 16 keV are enhanced
by the interaction with the lower hybrid waves. The enhance-
ment is critically reduced when the line-averaged electron
density is higher than 1.6 X 1013 cm™3 both in the toroidal
fields of 22 kG and 16 kG. For the 22 kG case, the cause of
the reduction may be related to the location of the turning
point of the incident waves; that is, the turning point, in
higher densities, locates outside the region where the fast
ions produced by NBI are relatively abundant. For the 16 kG
case, however, this interpretation is valid only when a part
of the incident wave energy 1is transferred into waves of
shorter wavelengthes. The ion-temperature increment in the
simultaneous heating agrees with the sum of those in the in-
dividual heatings even when the beam-rf interaction 1is con-

siderably strong.



1. INTRODUCTION

Simultaneous heating by rf and neutral-beam injection
(NBI) 1is interesting from a viewpoint of improvement in the
heating efficiency. It is possible in a future tokamak that
the direct interaction of the rf waves with the fast ions
produced by NBI raises power-deposition efficiency inside the
plasma and the energized ions make D-T reaction rate higher
through bulk~ion heating and/or Two-Cemponent-Torus (TCT) ef-
fect.

Some experimental studies have been reported on the
simultaneous injection of rf and neutral-beam. In the ATC, it
has been observed that fast deuterium ions generated by NBI of
as small as 100 mA are heated by the interaction with lower
hybrid waves (LHW) [l1]. It has been also reported by the PLT
group that neutral-beam-injected minority ions are energized
by ion~cyclotron waves (ICRF) [2]. 1In these experiments, en-
hancement of charge-exchange neutral flux is observed in the
energies higher than the incident beam. We may expect an im-
provement of the heating efficiency because the energy of
waves, which otherwise transmits, may couple to an enough
number of the fast ions.

On the efficiency of bulk-ion heating, however, it has
been shown in JIPP T-II experiments that the ion temperature
increment in the combined heating is sum of those in the
separately heating cases [3]). Also in the PLT, the increment
due to NBI ahd ICRF heating is found to be 1linearly additive
[4]. No investigation has been reported, however, on the cor-

relation between the strength of the beam-rf interaction and



the heating efficiency. In order to understand the interac-
tion and heating mechanisms in the simultaneous injection and
to assess effectiveness of the combined heating in future
tokamaks, it is necessary to find conditions where rf closely
interacts with fast ions. It is also important to understand
whether the increment of the bulk-ion temperature is linearly
additive or not in the cases where beam-rf interaction is
strong.

We have made an evgeriment in the JIPP T-II on these
problems for a combination of lower hybrid waves and neutral
beam injection of moderate power. We studied the interaction
of LHW with NBI in toroidal fields of 22 kG and 16 kG, and in
various plasma densities because the propagating charac-
teristics of the incident LHW are affected by these
parameters. We used NBI of up to 64 kW in order to compare
the temperature increment in the combined heating to those in

the separate heatings.

2. EXPERIMENTAL

The JIPP T-II is a toroidal machine, of which the major
radius is 91 cm and the minor radius is 17 cm [5]. A hydrogen
neutral beam of 64 kW (16 kV, 4 A) is co-injected into the hy-
drogen plasma. The fregquency of the incident rf is 800 MHz
and injected power is 150 kW at the maximum. The ohmic input
power of the target plasma is around 150 kW. The electron
temperature of the background plasma is around 700 eV and the
ion temperature 240 eV. Line averaged electron density n_ has

e

been varied from 1.2 X 1013 cm™3 to 2.2 x 1013 cm™3 for 16 kG



and 22 kG of the toroidal field B0 on the plasma axis. Two
charge-exchange neutral analyzers are used to investigate
energy distribution of ions in parallel and perpendicular
directions to the magnetic axis. The arrangement of the
heating devices and the neutral analyzers is shown in Fig. 1.
The heatings are applied to the plasmas in both tokamak
and stellarator operations. Figure 2 shows typical waveform
of plasma parameters in the stellarator operation, where the
rotational transform ('Ckx) due to the external helical coil
is 0.14. The rf power is injected from 70 ms to 110 ms and
NBI from 80 ms to 100 ms. The plasma density increases during
the rf injection, and the amount of density-rise depends on
the rf power. The density-rise is attributed to the enhanced
flux of light impurities from the wall, not cleaned enough,
du: to perpendicularly accelerated ions by LHW. Time varia-

tions of parallel ion temperature are also shown 1in the

figure.

3. EXPERIMENTAL RESULTS

Figure 3 shows energy spectra of charge-exchange neutrals
in the parallel direction, The injected power of NBI is 64 kW
(16 kv, 4 A) and the rf is 58 kW. The line averaged electron
density f_ is 1.6 x 10'% cn™ and By is 22 kG in this case.
In the figure, we can see that the particle flux increases
above 16 keV, which 1is the injected neutral beam energy.
Three maximums corresponding to H, H2 and Hy components in the

beam are recognized in the spectrum. It is worth to note that

the particles around those maximums are reduced in the case of



simultaneous injection compared with the case of NBI alone.
It is surmised that the particles of these energies are ac-
celerated by rf into the higher energies and appear as the
high energy component above 16 keV. The increment of the fast
ions above the beam energy is an evidence of the direct in-
teraction of incident rf power with beam ions. Figure 4 shows
the time behavior of the energy spectrum. It is remarkable
that the high energy ions around 30 keV are confined for more
than 25 ms after both of the injections are terminated. The
results shown in Fig. 3 and Fig. 4 are obtained in the stel-
larator operation. Similar results are obtained also in the
tokamak operation.

On the spectra of neutrals perpendicular to the magnetic
field, no appreciable change is observed between the case of
simultaneous injection and of the LHW alone. This reason is
that the number of fast ions produced by NBI is much smaller
than the one by LHW in the perpendicular directions since the
neutral-beam is injected tangentially.

Figure 5 shows the relation between rf power and inten-
sity of the parallel neutral flux. While the flux slightly
decreases with rf power in the energies below 16 keV, it in-
creases in higher energies for relatively small power of the
incident rf and saturates for the rf powers above 20 kW.
This saturation is observed in both cases where the equivalent
current of NBI is 4 A and 2 A. This feature of the saturation
is observed also in the ATC experiment, where the beam current
is as small as 100 mA [1]. These results suggest that the

saturation occurs independent of the density of fast ions in



the plasma. The cause of the saturation cannot be explained,
but it may be related to nonlinear processes in the interac-
tion of rf waves with beam ions. The results shown in Fig. 5
are obtained for Bg= 22 kG, ﬁ; =1.4~1.8 X 1013 em™3. The
electron density varies with the incident rf power and the
relation is shown in the figure. The decrement of high energy
components for high rf powers may be due to weakening of the
beam-rf interaction in the high density regime, which will be
mentioned later.

The intensity of charge-exchange neutrals was in-
vestigated for various electron densities of the ambient plas-
ma. The results for By= 22 kG is plotted in Fig 6 a), and
for BO= 16 kG is in Fig. 6 b). The incident rf power is 58 kW
and the parameters of the injected neutral beam are 16 kv, 4
A, A noticeable feature of the results is that the enhance-
ment of the high energy ions extremely decrease at the den-
sities higher than 1.6 X 1013 cn3 in the both cases of the
toroidal field. Since the fluxes with energies lower than 16
kev are not changed over the density range considered, the
decrement in higher energies cannot be attributed to the in-
crease 1in ionization rate because of the higher densities.
The results in Fig. 6 indicate the presence of a critical den-
sity in the lLeam-rf interaction.

The relation between bulk-ion heating and beam-rf in-
teraction was investigated. The results are shown in Fig. 7.
These are obtained in the conditions ﬁ; = 1.4 ~1.8 x 1013

cm_3, NBI of 16 kV, 4 A, By = 22 kG. In these conditions, it

is recognized from the results in Fig. 6 a) that the interac-



tion of rf "with NBI is considerably strong. The results in
Fig. 7 show that the temperature increment is linear'y addi-
tive with the power of NBI and rf. There is no profit in
heating efficiency even in the conditions where the beam-rf

interaction is strong.

4. DISCUSSION

The presence of the critical density is one of the impor-
tant findings in this experiment. It is probable that the in-
teraction between rf and fast ions is independent of the am-
bient plasma parameters if the rf reaches Lhe region where the
fast ions due to NBI is relatively abundant. Then the fact
that the interaction varies depending on the plasma density
indicates that the extinction in the interaction appeared in
Fig. 6 1is owing to the propagating characteristics of LHW in
the bulk plasma and does not relate to the inherent mechanisms
of the beam-rf interaction, The radius r,, of the fast-ion
abundant region is estimated to be 7 <c¢m on the basis of
deposition profile of the incident neutral beam. When the
turning point of LHW locates outside the region, the interac~
tion between rf and fast ions must be weak. In the linear
theory. location of the turning point of LHW 1is determined

from a relation [6]

where N, is the refractive index parallel to the magnetic
axis, w/2yw the frequency of the incident wave, wpy/ 2% that

of the lower hybrid resonance and Ti the ion temperature in



keV. This relation 1is drawn on B - n, space and shown in
Fig. 8, where B is magnetic field strength in kG, In the
figure, toroidal field strength at r = + Iy (7cm) 1is indicated
by an arrow for each case of B0 = 22 kG and 16 kG. Assuming
that the density profile is parabolic, ne(rb) is equal to 1.17
X ﬁ;, The density ne(rb) corresponding to the critical ﬁ; is
indicated by a broken 1line in the figure, where 1.6 X 1013
cn3 (see Fig. 6) is taken as the value of the «critical ﬁ;.
Assuming parabkolic profile in the ion temperature, we have
Ti(rb) = 0.78 X Ti(O), where T}(O) is the central ion tempera-
ture measured with the charge—-exchange neutral analyzer.
Using these values and the equation above described, the
refractive index Ny 1is determined uniquely on the condition
that the turning point locates just at r = ry, that is, at the
boundary of the fast-ion abundant region. The values of Ny,
thus obtained are 2.16 for BO = 22 kG, and 6.75 for 16 kG (see
Fig. 8}. Hence 1f the spectrum of LHW would vary with the
toroidal field strength without changing the location of the
turnin¢ point, the extinction of the beam-rf interaction in
the higher densities could be understandable. It is possible
that the incident wave decays into the ion cyclotron waves and
the cold LHW, which generates LHW of shorter wave length [7].
But it 1is hard to believe that the decay into high Ny waves
occurs only in the case of 16 kG and does not in the 22 kG
case.

We note that the density corresponding to the ion-plasma

frequency of 800 MHz is 1.45 X 10l3 cm_3, which nearly coin-

cides with the critical value of the 1line-averaged electron



density, 1.6 X 1013 cm-3. This fact suggests that the ion mo-
tion unaffected by magnetic force may play an essential role
in the present phenomenon.

As is shown in Fig. 7, the heating efficiency differs in
the region of rf power higher than 20 kW from the one below 20
kW. This feature may be related to the fact that the particle
flux saturates at around 20 kW as is seen in Fig. 5. The
heating in the low power region is considered to be dominated
by linear interactions. On the other hand, the heating in the
high power region is to be affected by nonlinear processes,
for example, the parametric decay [8,9], which reduces the ef-
fective power in the bulk-ion heating. The presence of the
non-linear effect around 20 kW is supported by an observation
of ion-cyclotron waves with an electrostatic probe. The am-
plitude of the ion-cyclotron waves excited by parametric decay
grows as the rf power is raised and saturates around 40 kW,
Although the heating efficiency is reduced, the bulk-ion tem-
perature rises as rf power is increased up to 150 kW, which
was the maximum power applied in this experiment. We have ex-
pected that the efficiency of the bulk-ion heating rises
through the interactions of LHW with fast ions due to NBI.
Improvement in the efficiency is rot observed, however, even
under the conditions where the interaction of LHW with NBI is
strong. This suggests that the interaction predominates over
ions which occupy a small part of the velocity distribution
and that only small fraction of the incident rf power is ab-
sorbed by fast ions. Another possible reason is that, since

the slowing-down time of an accelerated ion is longer than the



confinement time of the plasma particles, there rarely occurs
the energy transfer in between. If we provide a device with a
longer confinement time and use more intense NBI, we may
ciarify the improvement of the heating etficiency and further-
more the contribution ot the beam-rf interaction upon the TCT

effect.

5. SUMMARY

An experiment was carried out on the simultaneous injec-
tion of neutral beam and lower hybrid waves into the vlasma
for the purpose cf finding the conditions where the bLeam-r!{
intcraction is strong, Tangential observation of charge-
exchange neutrals shows that, when the line-averaged plasmua
density is less than 1.6 X lO13 cm_3, the fast ions due to the
neutral-beam injection are scattered by rf into the encrgies
higher than the incident beam. This confirms the presenc: of
the interaction between fast ions proauced by NBI and lower
hybrid waves, which was previously observeua in the ATC. 2n
important finding in our experiment is that the interaction
critically decreases for the densities above 1.6 X 1013 cm_z,
and this feature 1is independent of tac¢ toroidal field
strength, The dependence of the critical density on magneti-~
field strength 1is inconsistent with the location of the
turning point predicted assuming constant refractive index.

The heating efficiency was alsc investigated 1in the
simultaneous injection and compared to the cases of individual

heatings. The results show that the heating efficiency does

not vary compared to the individual heatinos even in the case



vhere the beam~rf interaction is considerably strong.
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Fig. 1

Fig. 2

Fig. 3

Fig. 4

FIGURE CAPTIONS

Arrangement of the heating devices and the charge-
exchange neutral analyzers.

Waveforms of loop-voltage V plasma current Ip, and

p'

line-averaged electron density fg.

The NBI is in-
jected from 80 ms to 100ms and the rf from 70 ms to
110 ms. The plasma density rises during the
rf-injection, which is shown by a solid line 1in the
figure, A broken 1line shows ﬁ; without heatings.
The bottom is time variations of the ion temperature
obtained with the parallel charge-exchange measure-
ment, where solid points show the temperature with
the simultaneous heating and open ones with Ohmic
heating only.

Energy spectra of parallel charge~exchange neutrals
in the cases of NBI only, rf only and simultaneous
injection. The power of NBI is 64 kw (16 kV, 4 A),
and that of rf is 58 kW. The strength of the
toroidal field By is 22 kG and the condition of the
target plasma is shown in Fig.l. The squares cor-
respond to the data in the case of the simultaneous
injection.

Time evolution of the spectrum of charge-exchange
neutrals in the ©parallel direction. Solid circles
show the spectra in the period where both of the

heatings are applied, circles with central dots those

in the period where only rf 1is injected, and open
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Fig.

Fig.

Fig.

Fig.

5

6

7

8

circles those after both of the heatings are ter-
minated.

Relation between the neutral flux and the injected rf
power Prf' Line-averaged electron density is also
shown as a function of rf power.

Relations between the neutral flux and the 1line-
averaged electron density. a) B0 = 22 kG, b) B0 =
16 kG.

Ion temperature as a function of rf power Prf with
and without NBI. Solid lines correspond to heating
efficiency for large Prf and dotted ones for small
Prf' A broken line shows the temperature with Ohmic
heating only.

The relation between electron density and magnetic
field strength which gives the turning point for
given N, and T;. The field strength at r = + 7 cm
is indicated by an arrow for each case of By = 22 kG
and 16 kG. Broken line shows the electron density at
r =7 cm estimated from n, of 1.6 X 1013 cm'3 , which

is the critical density in the interaction between

NBI and LHW.
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