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Abstract:

Recently, Alfvénic ion temperature gradient (AITG) modes are observed in the HL-2A
plasma with weak magnetic shear. Only when electron cyclotron resonance heating (ECRH)
and neutral beam injection (NBI) are simultaneously injected into the deuterium plasma,
AITG modes become unstable. The instability is electromagnetic and localized in the core
plasma with an internal transport barrier. Dynamic evolution of AITG modes are greatly
affected by the off-axis ECRH. Numerical and theoretical analysis suggests that there is a
strong dependence of the AITG modes on n; ~ VInT;/VInn;. More interesting, it is also
found that ECRH can enhances AITG modes by causing an increase in 7 = T, /T;, here T,
and T; are electron and ion temperature, respectively. Besides, high-power ECRH may also
change safety factor and then contribute to mitigation of AITG modes.

Introduction— Core-localized electromagnetic modes can be driven unstable by large
pressure gradient formed in region of weak magnetic shear. Actually, the first threshold
of pressure gradient becomes much smaller in case of weak magnetic shear, and it en-
ables destabilization of electromagnetic instability with a low toroidal mode number[1].
Alfvénic ion temperature gradient (AITG) mode, one of typical pressure gradient driven
electromagnetic modes, is firstly predicted in theory. When ion compression effect cou-
ples to shear Alfvén wave in plasma with finite VT; effect, the AITG mode induced by
kinetic wave particle interactions with thermal ions, may become unstable with a very low
threshold Sa;rg < 0.4 — 0.56..;+. Here, B..; refers to the marginal stability boundary of
ideal magnetohydrodynamic ballooning modes. It can also be excited in the plasma with
a condition of Q,,; ~ ¢1/7/4 + 7, and usually regarded as a branch connecting the kinetic
ballooning mode (KBM, diamagnetic effect is dominant, €.,; > ¢/7/4+4 7) and beta
induced Alfvén eigenmode (BAE, ion compression effect is dominant, ,,; < ¢/7/4 +7)
[2]. Here, g is safety factor and 7 = T,./T;. It was reported that the stability of AITG
modes has a strong and complex dependence on multiple effects, including magnetic shear,
pressure gradient, trapped electrons, Shafranov shift as well as parallel ion current. A
theoretical framework for the AITG mode had been well developed[3], but experimental
evidences for the core-localized electromagnetic modes are rather limited. It was firstly ex-
perimentally validated in HL-2A plasma with peaked density profiles and weak magnetic
shear[4]. The AITG modes were also observed in high ion temperature and high-f plas-
mas. Only a few experimental evidences for the AITG modes were presented nowadays,
but they were found to cause minor disruption and expected to affect thermal electron
transport, which will become a major concern in the future burning plasma with Alpha
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particle heating. Besides, the AITG modes may also be unstable in magnetically confined
plasma with reactor-relevant parameters. As the first plasma of ITER getting closer,
better systematical understanding for the electromagnetic instability via combination of
theory and experiment become more and more urgent.
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FIG. 1: Temporal evolution of (a) plasma current, (b) magnetic field, (c) line-averaged
electron density, (d) plasma stored energy, (e) power of electron cyclotron resonance heat-
ing, (f) power of neutral beam injection, (g) electron temperature at magnetic axis, (h)
ratio of electron and ion temperature at the ITB foot, (i) mazimum ion temperature gra-
dient, (j) rotation frequencies and (k) ion temperature for the 26006 (black) and 27527
(red) discharges, which are distinguished by the subscripts of 1’ and 2’ in subgraph (g-k).

FExperimental observation and theoretical analysis of AITG modes—The experiments
for AITG modes are performed in divertor configuration. Figure 1 shows the basic pa-
rameters during two typical discharges of 26006 and 27527. Plasma current I, toroidal
magnetic field By, line-averaged electron density n., stored energy Wy and injected power
of ECRH and NBI are given at the first six subgraphs. The electron temperature 7,
ratio of electron and ion temperature (7 = 7,./7;) in the ITB foot, ion temperature T;
and rotation frequency f,, are plotted at Fig.1(j-k), where the subscripts of "1’ and ’2’
represent data from 26006 and 27527 discharges, respectively. It should be noted that
when ECRH is injected into plasma, drops in 7; and n., moderate growth of T, appear in
core region during the 27527 discharge. But a different tendency can be observed when
RF wave is turn off during the 26006 discharge. In other words, ECRH is responsible for
an increase of 7 = T, /T; in Fig.1. Spectrograms measured by microwave interferometer,
soft X-ray array and Mirnov coil are given in Fig.2. Different responses are found
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FIG. 2: Spectrograms during the 26006 (left column) and 27527 (right column) discharges.
Those spectrograms are measured by (a-c) microwave interferometer, (e-g) soft X-ray
array, (d) and (h) Mirnov probe in midplane. The blue curves in (a) and (e) are the
waveforms of ECRH. The black curves in (a) and (e) are the BAE frequency given by
fBaE = %\/7/4+T6/Ti\/2Ti/mi and that in (d) and (h) are a third of TAE frequency
by frap = Va/dnqRy with By = 1.34T, n, = 1.0 x 10m™3 and ¢ = 1.5.
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FIG. 3: Dependence of mode frequency on the mazimum ion temperature gradient |V'T;],
T./T; and line-averaged electron density n..
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FIG. 4: Spectrogram obtained from the r = 2.5 channel on soft X-ray array in siz
different discharges of (a) 27210 with By = 1.22 T and ppc = 0.02 , (b) 27526 with
By =131 T and ppc = 0.32, (c¢) 27529 with B = 1.34 T and ppc = 0.427, (d) 27529
with B, = 1.36 T and ppc = 0.6, (e) 27531 with B, = 1.4 T and ppc = 0.63, (f) 27532
with By = 1.41 T and ppc = 0.66. The gray, blue, black and red curves are waveforms of
I,(kA), 100 X n.(10"m=3), power of ECRH and NBI, i.e. Ppc(10kW) and Pypr(20kW).

=
(1]
)

=
dn (a.u.)

s
tn

100 T (keV) #25843

150

" 18 __-
gmn E I 3 100<n, (10"*m™)
= 3 oy ! ey ke - - 0
e : : s s
Pa- P eyt - s T L
= . ¥ g 40
e e O s ; e T e s :!_u—.. e i e F vy s
360 690 720 750 T80 810
t(ms)

FIG. 5: FEffect of ECRH on electromagnetic modes during 25848 discharge: waveform
of ECRH and density fluctuation obtained from a numerical filter with a frequency of (a)
80-90 kHz ; spectrogram given by microwave interferometer are arranged in (b).
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on the three diagnostics due to different sensitivities and installation locations. There
are two kinds of instabilities during simultaneous injection of NBI and ECRH. The lower
frequency (< 50kHz) one is long-lived mode or fishbone mode and its second harmonic,
the other one with a higher frequency is electromagnetic and locates at the core region.
First of all, the high frequency mode can be measured by Mirnov probe and microwave
interferometer. The former reveals a magnetic perturbation while the latter presents a
density fluctuation, which is proportional to electrostatic perturbation. It is worthy not-
ing that the mode has a larger amplitude in low field side then high field side. Those
results mean that the modes are electromagnetic and have a typical ballooning mode
structure. Then, different responses of electromagnetic instability at different channels of
microwave interferometer and soft X-ray array enable determination of mode location. In
the 26006 discharge, six modes with toroidal mode number of n =1 ~ 6 can be detected
by the r = 5e¢m channel on microwave diagnostics, but less modes with weaker fluctuation
level by both » = 11em and r = 18cm channels. Such a result indicates a core location
for the electromagnetic mode. During the 27527 discharge, only the n = 3 mode can
be detected by the two channels of soft X-ray array at r = 2.5cm and r = 7.3cm, but
not by other channels in outer region, just shown as Fig.2(e-g). So we can come to that
the mode is localized at region nearby r < 7.3cm (p < 0.18). The experimental mode
frequency ranges from 70kHz to 200kHz and is much lower than TAE frequency given
by frap = Va/4mqRy ~ 450kHz with B; = 1.34T, n, = 1.0 x 10m™3 and ¢ = 1.5.
So TAE can be excluded from the mode identification. Actually, the experimental mode
frequency is comparable to BAE frequency (fpap = %\/7/4 + T, /T;/2T;/m; ) and the
electromagnetic modes may belong to KBM/AITG/BAE. According to theoretical pre-
diction, it will be a KBM if diamagnetic effect is dominant (Q.,; > ¢+/7/4+ 7), be a
BAE if ion compression effect is dominant (§,,, < ¢4/7/4+ 7) and be a AITG mode
if Qi ~ ¢+/7/4+ 7. Figure 3 present the dependence of mode frequency on maximum
ion temperature gradient |VT;|, T./T; and line-averaged electron density n.. The experi-
mental frequency is in directly proportional to |VT;|. However, the mode frequency will
decline with an increasing of T, /T; or n.. Those statistical results may indicates that the
modes are driven by ion temperature or pressure gradient rather than energetic particles.

To further reveal relationship between ECRH and the interesting modes, deposition
locations of ECRH are changed by a B; scan while the ECRH power is fixed as 1000kW.
Other parameters also keep unchanged during the B; scan experiment. The plasma current
is set as I, ~ 150kA, electron density is remained as n, ~ 1.0 x 10"m ™3 and NBI
system is operated with a power of Pygr ~ 800 — 1100kW during t = 500 — 1000ms.
The results are given in Fig.4. Interestingly, the electromagnetic instability is driven
unstable only when ECRH and NBI are simultaneously injected into the plasma with
B; > 1.34T (the corresponding deposition location of 68GHz ECRH is about p < 0.427).
Decline in n, and weak perturbation in [, appear during injection of ECRH. The former
is caused by the pump-out effect of RCEH while the latter may indicate a change of
safety factor. However, accurate ¢ profiles are unavailable due to lack of motional Stark
effect diagnostic or interferometer-polarimeter. It should be pointed out that temporal
evolutions of T, and T; are similar to that during the typical discharges of 26006 and
27527. A power modulation experiment is also designed to find out ECRH power
threshold for mode excitation, and the results are shown as Fig.5. There are 4 gyrotrons
during experiment, where a gyrotron works with an unchanged power of 300kW while
other three operates with a period of 30ms and a total power of 1200kW. The power
threshold is proved to be very low, since electromagnetic modes can be detected in the
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FIG. 6: Radial profiles of electron temperature, electron density, safety factor q, ion
temperature, rotation frequency and magnetic shear s during the 27527 discharge. The
solid and dotted curves are data at 700ms (without ECRH) and 720ms (with ECRH).
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two case of Pgc = 300kW and Pgc = 1500kW. In the 25843 discharge, mode frequency
of electromagnetic instability becomes higher accompanied with a drop of 7T; and an
increase in n, induced by gap puffing and/or ECRH. Thus, those modes should be AITG
modes rather than BAEs with fgap o< v/T;. More interesting, mitigation effect of ECRH
on AITG mode has been achieved in experiment. Density fluctuation (én.) induced by
the electromagnetic instability becomes weaker (stronger) when the 1200kW ECRH is
turned on (turned off). Low level of dn, is found without 1200kW ECRH and an increase
of dn. can also be observed during radio-frequency heating. It may suggest a complex
stabilization mechanism for the pressure gradient driven AITG modes. It should be noted
that, a transition from long-lived mode to fishbone mode occurs when the high power RF
wave is injected in a similar discharge (No0.25845). Since positive and weak magnetic
shears are favourable for the excitation of long-lived mode, but a reversed shear is more
crucial for the fishbone modes. So the mode transition may indicate a change in safety
factor or magnetic shear. In other words, the ECRH may mitigate AITG modes by
firstly changing local T,, T}, n. and plasma pressure, and then varying safety factor or
magnetic shear via the Grad-Shafranov equation, which describes a coupling of current
density and plasma pressure. The equilibrium profiles at 700ms (without ECRH) and
720ms (with ECRH) are shown as Fig.6. Here, T, profile consists of data from ECE
radiometer, n, profile is obtained from a laser interferometer, T; and f,,; are measured by
a charge exchange recombination spectroscopy, ¢ profile is reconstructed by ONETWO
code based on the first four parameters. It is found that off-axis ECRH leads to great
drops of T; and f,,; at the core region and a noticeable growth of T, at outer area. The
two reconstructed ¢ profiles also present a great difference, i.e. safety factor increases in
the core when ECRH is launched into plasma. It may because the ECRH leads to drop
in pressure gradient by changing n., T, and 7T;, then decline current density and improve
the safety factor.

To explain experimental phenomenon, a brief theoretical analysis based on GFLDR
has also been carried out. For local low-frequency shear Alfvén wave, the GFLDR can be
wrote as[3]

iS(A = Kfomin 10)' " (1/0) 2 [Kjomin o — i(A], = Ko 125)' 2]/ = 6Wy + W (1)

Here, kjo = (nqmin — M) /qminRo, S = (7/q)[¢"]*/* and ¢ is the second derivative of safety
factor, 0W; and 0W), are the fluid and kinetic contribution in regular ideal region. The
generalized inertia term A, including both diamagnetic effects as well as kinetic effects of
circulating and trapped particle dynamic, is given at reference [5]. For pressure gradient
driven instability, the term of W}, can be negligible. In low frequency limits (0 < w < wy;),
the dW; is described as|?]

™ SQkHOQrmnRO 3 2
A e

where o = —Ryq?df3/dr and 8 = 3;(1+ T./T;).

For local calculation at 720ms during the 27527 discharge, numerical inputs are eval-
uated at p = r/a = 0.161, where there are a minimum safety factor ¢,;, and an ITB
foot. The detail parameters are (m,n) = (4,3), quin = 1.28, Ry = 1.658m, R = 1.722m,
s = —0.0017, kjogminRo = —0.163, kgp; = 0.273, kgp. = 0.0056, ¢; = 0.304, 3; = 0.29%,
n; =VInT;/Vinn; = 5.73, S = 0.366 and 7 = 1.52. Here, p; and p,. are larmor radius
of ion and electron, respectively. The ion transit frequency wy; = /2T;/m;/qR = 3.417,

+ —at) (2)

k||0qm'mR0 |1/2 9
n 32
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the thermal ion diamagnetic drift frequency due to density gradient is wy,; = 0.596 and
Wipi = 4.01. Q= wWipi/wy >~ 1.17 is comparable to ¢y/7/4 4+ 7 ~ 2.3. Besides, 6W; is
about —0.0162. Thus, the AITG mode can be unstable for 6W; < 0 in the absence of en-
ergetic particles. Dependence of real frequency and growth rate on n;, T, /T;, n. and S are
shown in Fig.7. Firstly, beyond the critical threshold of n; > 5.4, the growth rate becomes
larger with an increase of 7;, but the mode frequency keeps almost fixed as 91k H z, which
agrees well with experimental frequency of 96kH z. Secondly, it is found that there also
is a threshold in T, /T;, which is about 1.28. When 7 exceeds this value, the AITG modes
become more unstable. The theoretical analysis provides a reasonable explanation for
AITG modes excitation during the ECRH heating, which increases T, directly and causes
a drop in 7;. Thirdly, both f;,, and /27 become lower when n, grows up. It means that
the AITG modes are more unstable in low density plasma. Further more, the frequency
evolution given by theoretical calculation agrees well with experimental statistics in Fig.6.
Finally, since AITG modes have the same location to that of minimum safety factor, S,
instead of s ~ 0 at one isolated singular, is used in the theoretical analysis. Growth rate
and frequency exhibit different features with an increase of S. The former is directly
proportional to S while the latter shows a reversed trend. The AITG modes will become
stable when S reaches to the critical value of 0.383. It may indicate that one can mitigate
or suppress those modes by active control of safety factor.

Summary.—Core-localized pressure gradient driven AITG modes are unstable in HL-
2A plasma with simultaneously injection of NBI and off-axis ECRH. The ECRH is found
to play an important role in the mode excitation and evolution by causing change in
|\VT;|, T./T; and n.. Further theoretical analysis based on GFLDR indicates that there
are three thresholds of n;, T./T; and S for the mode excitation. In our experiments,
the NBI heats thermal ions and improves ion temperature, then results in 7; exceeding
the critical value of 7; .; > 5.4. The off-axis ECRH enhances AITG modes mainly by
increasing 7T, and causing a drop in 7;. Besides, the ECRH can also lead to a low density
by pump-out effect and drive the AITG modes. Last but not least, mitigation of AITG
modes by ECRH is firstly achieved. The new findings in this paper can not only enrich
experimental knowledge for pressure gradient driven instability, but also be beneficial to
active control of core-localized electromagnetic modes in the future burning plasma.
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