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The broad and intense spectrum of the geodesic acoustic mode (GAM) oscillations
near the magnetic axis of the tokamak plasmas with T¢/T; >> 1 becomes narrow and weak
during neutral beam heating. It then becomes wide and weak during third harmonics ICRF
heating. The wide spectra of GAMs are generally consistent with recent kinetic GAM
(KGAM) theories.
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The “drift wave-zonal flow paradigm®, in which zero-frequency zonal flows generated by drift-wave
turbulence provide the dominant mechanism of the nonlinear saturation of the drift-wave turbulence, is
one of the most important topics related to the physics of the confined plasmas [1-10]. It was first stated
by Hasegawa et al., evaluating the similarity of equations of drift waves in the confined plasma and
Rossby waves in an atmospheric pressure system [1, 2]. For an extensive review of zonal flows see ref.
[10].

Since this paradigm was first verified using large-scale computer simulations of the tokamak plas-
mas [7] in which electron components are treated as adiabatic, the modification of this paradigm may be
necessary for plasmas where the effect of trapped electrons is important. In this sense, the applicability
of this paradigm to the plasmas dominated by trapped electron mode instability (TEM) [11], has been
intensively discussed [12-16]. Experimentally, using a heavy ion beam probe (HIBP) both we and the
TEXT group [17-23], detected intense potential oscillations of zonal flow of another type,
high-frequency zonal flows (geodesic acoustic mode, GAM [8, 24]) in the core region of OH tokamak
plasmas, where T¢/T; >> 1. However, the first experimental paper on GAMs by the TEXT group sug-
gested the observed GAMs (m=0) to be an artefact of the HIBP, instead of natural modes generated by
mode coupling of drift tearing mode (m~12) [17]. We found that in the core of low-density OH plasmas,
the Fourier spectra of the signals of multi-channel ECE, soft-xray signals and reflectometer have no
peaks corresponding to GAM oscillations with the amplitude of GAMs about a few 100 Vp-p. This fact
can be understood by the fact that GAMS are pure poloidal rotation of m=0 and has almost no effect on
the temperature and the density in the center of the plasma. In addition, we verified it as real potential
oscillations or the acceleration of the HIBP beam by time derivative of magnetic vector potential [18].
Still later we proved that the observed strong potential oscillation in the low-density OH plasmas are
real potential oscillations of m=0, since the acceleration of the beam by vector potential injected per-
pendicular to the magnetic field, is negligible in low-beta plasma [19].

Recently computer simulations in which both ions and electrons are treated by gyrokinetic equations
have shown that the high-frequency zonal flow (GAM) can be as effective as the low-frequency zonal
flows in the determination of the turbulence level of drift-wave turbulence [16]. Although GAMs are in-
effective in the regulation of the drift-wave turbulence through shearing effect, because the drift-wave



frequency is comparable to the GAM frequency, GAM may be important as the reservoir of the energy
flow from the drift-wave turbulence via three-wave coupling [16]. Then GAMs become damped through
linear Landau damping. In this paper, the frequency of GAM is very wide, meaning the energy re-
servoire of turbulence energy of drift waves. Recently we have verified experimentally that the GAM is
excited by drift- wave turbulence through three-wave coupling [23].

Experimentally up to now GAM zonal flows have been characterized mostly by a narrow and weak (a
few times larger than the background turbulence) spectrum in the outer layer of the tokamak plasmas,
where the safety factor (q) is high and the damping rate is low [25-28]. In this paper we show that in the
center region of low-density OH plasmas with T/T;>>1, a very wide and intense spectrum which ex-
tends from 20 kHz to 50 kHz, of potential oscillations of m=0 is observed and this wide spectrum can be
explained by the kinetic GAM theories [29-35]. In addition, there occurs a drastic change of the GAM
spectrum, to weak and narrow spectrum in NBI heated plasmas and to weak and wide spectrum in ICRF
heated plasmas. The wide spectrum of kinetic GAM oscillations may mean the large energy flow from
the drift-wave turbulence through nonlinear interactions between GAM and turbulence. It also may pro-
vide the dominant nonlinear saturation mechanism of the drift-wave instability and the regulation of the
turbulence, which is one of the most important topics in the study of the plasma confinement.

To study these phenomena a heavy ion beam probe (HIBP) may be an ideal diagnostic [17-22]. Using
HIBP zonal flows can be determined through fast, local and multi-point measurement of plasma poten-
tial (@) since zonal flows are E/B (= - va» xB/B?) drift motions [1,2].

The experiment was carried out in JIPP T-11U tokamak plasmas with nearly circular cross-section and
with major and minor radii of 93 cm and 23 cm, respectively [36]. We analyzed the shot of NBI heating
and ICRF 3-w heating and current drive (H/CD) with a phased 12-strap antenna on the smaller major
radius side[37].

The HIBP for the JIPP T-11U tokamak injects a 50-500 keV thallium (T1*) beam [18]. The intensity

of the secondary beam (TI**) ionized at a sample volume (SV) is proportional to local density and the
change of the energy corresponds to the local plasma potential at the SV. The position, size and direc-
tion of alignment of 6 SVs used in this experiment are shown in Fig. 1(a). SVs are specified by three
parameters, i.e., primary beam energy (j=A, B, and C, for 450, 300, and 250 keV, respectively, under a
toroidal magnetic field of 3T), poloidal injection angle (k=1-6), and input slit number of an energy ana-
lyzer (1=1-6). A set of partial lines, designated by 2 labels (energy and injection angle) like A2, is called
"a step” in this paper. Figure 1(b) shows an expanded view of what the SVs look like at step A4. The
SVs are cylinders of about 2-4 mm in diameter, cut at a slant angle with a side appearance of a paralle-
logram. The length of the longer diagonal of the parallelogram, (ls) is about 5 to 15 mm, depending on
the energy and injection angle. It is nearly parallel to the beam trajectory and strongly reduces the signal
level of the density fluctuations whose wavelength along the trajectory is comparable to Isthrough inte-
gration on |5 [38]. This reduction deforms the wavelength spectrum of the turbulence and also helps to
reduce the spatial aliasing effect. The frequency bandwidth of the detector circuit at 3db gain decrease
is 300 kHz.

Plasma current was 130 kA with a safety factor g-value around 6 and toroidal field of 3T. The center
electron temperature of the deuterium plasma rises to 1.0 keV (Fig. 1(c), 1(e)) and ion temperature to
about 200 eV (Fig. 1(e)) in the core by Ohmic heating when the average plasma density is low to about
0.7x10%/cm®. At 170 ms, about a quarter of a MW hydrogen (30 kV) NBI power is injected for a dura-
tion of about 100 ms. Then ICRF 3-w heating/current-drive (H/CD) is conducted. The total plasma
energy measured by plasma diamagnetism increases from 2 kJ to 4-5 kJ and the average plasma density
increases to about 2x10™/cm® due both to the strong plasma-surface (antenna) interaction during the



heating period and to the gas puffing used to suppress MHD oscillations. The electron temperature rises
during NBI heating to about 1.2 keV and ion temperature measured by fast neutral energy analyzer
(FNA) rises to about 0.6-0.7 keV (Fig. 2(e)). However, FNA temperature tends to give lower ion tem-
perature at higher plasma density and the ion temperature measured by charge-exchange spectroscopy
is about 800 eV,

Figure 2(a) shows the temporal change of the Fourier spectrum of the potential with 1 ms duration at
SV3 of A3. Before the start of NBI heating, a very wide and intense spectrum which extends from 20
kHz to 60 kHz is observed [18, 21-23]. This potential spectrum and that of Fig. 2(b) are far above the
level of the potential of the drift-wave turbulence. This spectrum is in clear contrast to the density fluc-
tuation spectrum shown in Fig. 2(c), where the drift-wave turbulence is dominant and extends to about
500 kHz.

This wide spectrum of potential oscillations can be ascribed to kinetic GAM oscillations because of
following reasons. 1) The phase difference of potentials at SV4 and SV5 is small as shown in Fig. 2(d)
in sharp contrast to the large phase difference of the density oscillations shown in Fig. 2(e). 2) Density
spectrum has almost no influence of the intense potential oscillations as shown in Fig. 2(c) except the
high frequency end of the potential oscillations, while m=1 or 2 MHD oscillations has large reactions
on both density and potential signals. In case of Fig. 2(f)-(h), SVs are at around A4, and the reaction on
the density spectrum is very small as shown in Fig. 2(g). Since the aspect-ratio at A4 is almost 25, the
density fluctuations caused by pure poloidal rotations are very small in agreement with the observation
and in sharp contrast to other MHD oscillations. 3) These potential oscillations are very robust and in
almost all discharges, we can observe this wide spectrum, while usual MHD oscillations can be easily
stabilized by the change of plasma current or the change of waveforms of gas puffing. 4) Usually MHD
oscillations in the hot-core of the plasma can be easily detected by the ECE or soft-X ray array signals.
The typical example is sawtooth oscillations. However, we can’t find the effect of the wide spectrum
observed by HIBP, in ECE, soft-X ray signals as shown in Figs. 2(i)-2(m). It may be due to the fact that
GAM induces pure poloidal rotations and the potential oscillations with observed wide spectrum belong
to GAM. 5) We routinely suppress usual MHD low-frequency oscillations, Mirnov oscillations for ex-
ample, using control knobs such as gas puffing, plasma current, or shift of the plasma center in the va-
cuum vessel, since they have severe deteriorating effect on the plasma temperature or plasma confine-
ment. HIBP signals are also severely affected since Mirnov oscillations induce large density and poten-
tial oscillations. It is not hard to have stable tokamak OH discharge shown in Fig. 1(c) and (d) free from
low-frequency MHD oscillations. 6) GAM theory requires phase relations between poloidal rotation V=«

and n, [24] and it leads in high-aspect-ratio limit to phase relation of d&)/drociﬁe/ﬁein our case

where d®/dr is the radial derivative of plasma potential. Figure 2(h) shows the phase of
<(0(3)-d(4))(n, (3)+ N, (4))>. It shows clear phase relations in right sense between them. The phase of

i=(0,1) is 7/2 and a little smaller than the observed rise of the phase at GAM band. It is however, due to
the fact that our measurement is not 2 dimensional and HIBP signals are composed of GAMs and
drift-wave turbulence. 7) It is interesting to note that the ECE spectra near the A4 shows clear rise of
spectra near 2fcam While there is no reaction at fgam. This may mean that the GAM induces good effect
on the plasma confinement on each polarity of the rotation, leading to the rise of ECE at double fre-
guency. We want to discuss this phenomenon in a separate paper because it may be a very complex
phenomenon.

At A4-A5, the alignment of SVs is approximately along the poloidal magnetic surface and the phase
difference of the density signals is large and we can measure the frequency dependence of the poloidal
wavelength (dispersion of the turbulence) in Fig. 2(e).



In a few milliseconds after the start of NBI heating the spectrum of GAM oscillations damps and a
weak and narrow peak at about 30 kHz appears throughout NBI, and after the start of ICRF H/CD it
becomes wider again, as is also shown in the red (NBI phase) and blue (ICRF phase) curves of Fig. 2(b).

The positive phase difference of the density signals at frequencies larger than 50 kHz, in Fig. 2(e)
shows that the dominant density turbulence propagates to the electron diamagnetic drift direction, and
we may be able to ascribe this to trapped electron mode (TEM) turbulence [11]. The red curve of Fig.
2(d) and 2(e) show that the phase is noisy but negative around 10-20 kHz meaning there is a component
propagating to ion diamagnetic drift direction (ion temperature gradient mode, ITG) in the
low-frequency region, leading to the coexistence of ITG and TEM [22].

The potential oscillations are composed of both GAM and drift-wave turbulence. Accordingly the
measured phase difference (Fig. 2(d)) may be &4 la/lcam, in case of lg/lcam « 1 due to the phase dif-

ference (54 ) in the drift-wave turbulence. lg/lcam is the ratio of the intensity of the drift-wave inten-

sity to the GAM intensity. We can estimate this ratio to be about 0.03 when we draw the potential spec-
trum in logarithmic scale in Fig. 2(b), and estimate the level of drift-wave turbulence at the region of 20
kHz to 60 kHz where GAMs are dominant. Also at A4 It may be due to the radial wavenumber of the
GAM since the alignment of the SVs at A4 and A5 may have small radial component. We have to be
careful in the interpretation of observed small positive phase difference since it is influenced by 4 fac-
tors, the radial and poloidal wavenumbers of GAM and drift-wave turbulence.

At A3 or A2 the direction of the alignment of the SVs is almost radial and the measured phase dif-
ference becomes large. In this region the level of the drift wave and the ratio of l4/lcam becomes larger
and the phase is easily affected by the characteristics of the drift-wave turbulence.

In order to interpret the wide spectrum of GAM oscillations, we utilize the dispersion relation de-
rived by Zonca et al. [33, 39]. It was first derived in 1996 for that of beta-induced Alfven eigenmode
(BAE). Since Garbet noted the degeneracy of BAE and GAM [40], this equation can be useful for the
analysis of kinetic GAM. Gao et al. derived similar formula in 2008. Watari has derived a kinetic GAM
equation even taking into consideration the effect of trapped particles [35]. We may analyze the data
using Watari’s formula in a separate paper. In addition, in this paper, the center area has very high as-
pect-ratio and the effect of the trapped particles may not be critical. Accordingly we use Zonca’s for-
mulas for kinetic GAM, His equation is as follows [33],

Ao( @)= (k) Ay () =0 (1)

where A, =3/4+q%S5/Q Ay =1+q%(F-N?/D)/Q
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pi is the ion gyroradius and Q= wqR/ vy, vi?=Ti/M.

Figures 3(a)-3(g) show the real and imaginary (kpi)® as a function of normalized frequency,
Q’(=Q(T, /T,)**/q ) using the dispersion relation (Ao-A1(kipi)?=0) for six cases of various ratio of Ti/T
and g. We changed Q to ©’ since Q (=awqR/v,) is a function of g and T; while the actual GAM fre-

quency ocam may scale as meam o R/ Vg, Vg = ((Te +T;)/M)%° as is shown by Lebedev et al. [29].

The kinetic GAM frequency (), defined by A¢= 0, is an important value and is given by Q=
Q2(7/4 + Te/T;) + (1/2) T/ T; for high g limit.

In the case of Ti/T.=0.1, g=1.5 (Fig.3(d)), the kinetic GAM theory predicts Landau damping will be
rather small and there will exist a wide frequency range of GAM oscillations nearly from Qto lower
frequency (= Q/2) with small Landau damping and propagation mode (k.pi)>>0. We assumed about
g=1.5 because the low-density plasma with 130 kA has no sawtoothing phenomena while 200 kA dis-
charge has sawtooth oscillations with about 12 cm-diameter inversion radius. In addition, a clear and
wide GAM spectrum is also observed in 200 kA discharges.

As Tjincreases to Ti/T.=0.2 (Fig. 3(a), OH phase as shown in Fig. 1(e)), the damping rate increases
near the middle of the red horizontal line on the (k.p;)’=0, indicating the propagation range. The double
peaked spectrum in Fig. 2(b) may be explained in this way if the driving term by the density turbulence
is homogeneous. The waveform of k.p; of Fig. 3(a) may be similar to the observed phase of Fig. 3(a),
since the alignment of SVs near A4 is not purely poloidal and may have radial component. However, as
was mentioned before, I4/lcam causes serious distortion in the GAM phase measurement.

As Tjincreases to Ti/T.=0.6 (Fig. 3(b), NBI heated phase), the damping rate increases about 5 times
compared with that of Fig. 3(a). We may assume that the single potential spectrum peak in the NBI
phase (red curve of Fig. 2(b)) may correspond to the lower end of the red horizontal line. Another pos-
sibility is the observed weak GAM may be due to the energetic-particle-induced GAM (EGAM) [41,
42]. The weak and wide spectrum during ICRF heating may be explained by Fig. 3(c) of Ti/T.=1. The
spectrum of propagation in Fig. 3(c) may be wider compared to Fig. 3(a), while the observed spectra
are similar. This may be due to the strong Landau damping.

As is shown by the red horizontal lines in Fig. 3(d-e), the range of propagation, (k.pi)®>> 0 and
smaller damping, becomes narrower when g value becomes larger in the case of Ti/T.=0.1. This result is
universal for higher ratio of T; to Te. This may explain the fact that the experimentally observed GAM
oscillations up to now has narrow spectrum with the exception of oscillations we have observed in the
center region of tokamak plasma.

In summary, the wide GAM spectrum in about r/a,=0.2 core region of the low-density OH plasmas
are in agreement with the prediction of linear kinetic GAM theory by Zonca et al. [33]. The narrow
spectrum in the outer area with high g number can be also explained by the theory. Narrow and weak
spectrum during NBI may be due to EGAM.
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FIG. 1. (a) Location and direction of alignment of 6 SVs of the HIBP at 18 steps. The label A stands for the beam energy
of 450 eV, label B for 300 keV and label C for 250 keV. (b) Shape and positions for SVs at step A4. (c) —(¢) show the
temporal changes of radial profiles of electron temperature (c) and density (d) measured by the Thomson scattering
apparatus and (e) shows the ion temperature measured by square mark using fast neutral energy analyzer. + shows the
electron temperature at the magnetic axis, r=0.
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Figure 2(a) shows the temporal change of the potential spctra at every one millisecond interval. (b) and (c) show the
potential Fourier spectrum (b) and that of density (c) in OH phase (black curve) and NBI phase (red). In Fig. 2(b) the
red and blue curve (ICRF phase) is multplied by the factor of 10. (d) and (e) shows the phase difference of the
potential signals at SV3 and SV4 (d) and the density signals respectively. The black line is for 140-170 ms (OH), red
curve for 180-210 ms (NBI) and blue one for 270-300 ms. The blue curves in (c)-(f) are omitted because those are
noisy due to the severe attenuation of the HIBP beam in the high density plasmas. Figures 2(f)-2(m) show the Fourier
spectra of HIBP and ECE signls of 200 kA low-density OH plasmas. (f) and (g) are for spectra of HIBP potential and

density on SV4 around step A4. 2(h) shows the phase of <(¢(5)-¢(4))( N, (5)+ N, (4)) >, the phase between radial

gradient of potential, corresponding to the poloidal flow and density turbulence. (i) —(m) are for ECE signals at r=4 cm
(larger major radius)(i), r=0 cm (magnetic axis, (j), and 4 cm,(k), 8 cm, (I) and 12 cm, (r=12 cm) respectively. Fiures
2(k)-2(m) are for smaller major radius sde and are denoted by signs of (i).
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