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Alfven Eigenmodes were studied in low magnetic shear flexible heliac TJ-I1 (B;=0.95
T, <R>=1.5 m, <a>=0.22 m) NBI heated plasmas (Pngi<1.1 MW, Eng=32 keV) by Heavy
lon Beam Probe (HIBP) [1, 2, 3]. The L-mode hydrogen plasma was investigated at various
magnetic configurations with rotational transform @)2~=1/q ~ 1.5 - 1.6. Co-, counter and
balanced beam injection were explored. HIBP is capable to measure simultaneously the
oscillations of the plasma electric potential, density and poloidal magnetic field. Earlier
studies have shown the chirping modes with 250 kHz< fae <380 kHz at the low density n. =
(0.3 - 1.5)x10™ m™ NBI heated plasmas with or without auxiliary ECR [3, 4]. Here we report
the observation of the various types of the chirping modes, differs by frequency, radial
location, amplitude and shape of the frequency dependence on time. Remarkably, the same
mode may evolve, changing its type in the same frequency range in the single discharge.
HIBP shows that location of the specific AE chirping may vary from p =0 up to p = 0.8. The
mode amplitude in potential varies from a few Volts up to 100 V. AEs are strongly affected
by plasma current Iy, e.g. caused by Ohmic heating coils. A variation of I, may even suppress
the modes. Dual HIBP [5], consisting of the two HIBPs, separated at ¥4 of the torus shows the
high coherence between the plasma potential and density oscillations during the period of the
frequency burst. The radial scan of the HIBP sample volume indicates the radial evolution of
the potential and density perturbation during a single frequency burst of the chirping mode.
Mean frequency of the chirping modes basically follow the model, based on the Alfven

scaling and including actual iota evolution caused by I, changes [6].



1. Introduction

Alfvén Eigenmodes (AEs) induced by alpha-particles and fast ions created by
auxiliary heating are capable to cause losses of the fast ions in magnetic fusion devices and in
a future reactor [1]. Since that, the study of the AEs properties is one of the most reactor-
relevant studies in the operating fusion devices. AE modes may exist in two basic forms. The
first one is the steady frequency mode with a quasi-monochromatic character and the second
one is chirping mode with a bursting amplitude and fast frequency change.

It is believed that chirping modes may affect fast ions in different way than more
conventional steady frequency AE (convective vs diffusive transport). Estimations has shown
that in ITER the diffusive losses of a-particles will be on the level of several percent (~5%),
but the change the character of losses from diffusive to convective ones due to bursts of
chirping modes may strongly increase the peak power of losses and exceed the tolerable level.
Also chirping modes may promptly widen the a-particles heating power deposition profile
that lead to undesirable oscillations of plasma column with frequency of chirping mode [2].

It was found that Electron Cyclotron Resonance Heating (ECRH) induces chirping
modes in Neutral Beam Injection (NBI) heated plasma, see, for example, ASDEX Upgrade
results [3]. In the low-density plasmas heated by NBI and ECRH in the TJ-II stellarator with
low magnetic shear [4], AEs exist in the form of the chirping mode [5 — 7], while in the case
of heating by NBI only and at a higher density, AEs with a steady frequency were observed [8
— 10]. The most pronounced steady modes were identified as Helicity induced Alfvén
Eigenmodes (HAEs) and Global Alfvén Eigenmodes (GAEs) [10, 11]. Transitions between
chirping and steady AEs were reported earlier for low-density plasmas (0.5 < n. < 1.5x10"
m~3) heated by NBI and ECRH, and these transitions were found to depend on ECRH power,
plasma density and the radial location of ECRH power deposition [5].

It was shown recently that the magnetic configuration has an essential effect on the
frequency of the steady AEs [12]. Moreover, shot-to-shot magnetic configuration scans
displayed in [6] showed a complex dependence of the chirping amplitude on the actual iota
value.

The study of reference [12] has been extended to the non-linear AEs evolution and the
results are presented in this paper, where the experimentally observed effects of a shot-to-shot
magnetic configuration scans on the non-linear scenario of AEs evolution, namely on the

transition from bursting to steady modes and vice versa is reported.



The aim of this study is to investigate the properties and location of the chirping
modes in NBI plasmas on the TJ-1I stellarator and to identify the conditions of the chirping —
steady frequency AE transformation. The paper presents the results of the AEs studies with
Heavy lon Beam Probe (HIBP) measurements [13] supported by the AE monitoring with
magnetic probes (MPs).

The new observation of the potential/density/Bp, oscillations associated to AEs are
presented in the Section 3. Determination of the chirping mode radial location for NBI-only
and NBI+ECRH plasmas are discussed in Section 4. The ECRH and iota effects on the
chirping mode and the transition from chirping-to-steady mode are discussed in Sections 5—7.
The results are summarized in Conclusions.

2. Experimental setup start from here

TJ-1 is a four-period flexible heliac with low magnetic shear, and By=0.95 T, Ro=1.5
m, and <a>=0.22 m. Most of the experiments were performed in the standard magnetic
configuration denoted 100 44 64 (the numbers in this label refer to the currents in the
magnetic field coils, lcc_lnx_lvr, See figure 1 in Ref. [12] with vacuum rotational transform
#vac = 127 increasing from 4,,c(0)=1.55 to #4c(a) = 1.65. Here Icc is a current in the Circular
Coil, Iyx in the Helical Coil and Iyr in the Vertical Field Coil. The coil currents in the

configuration notation are shown in KA/10. 44 profile is shown in figure 1.
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Figure 1. Vacuum rotational transform g, profile in the standard configuration
100_44 64 of TJ-1I.



The study was performed in the Hydrogen plasmas, which were formed and heated
using one or two tangential Neutral Beam Injectors (NBI). One of them (Co-injector) has
beam energy Engi =32 keV and deposited power Png; ~ 0.6 MW. 1t is directed along the
toroidal magnetic field B,. Another one is directed oppositely (Counter-injector) and it has
beam energy Eng =29 keV and deposited power Pyg; ~ 0.45 MW. The beams have sub-
Alfvénic velocity Vg ~ 2.5x10° m/s, and Vg > Va/3, where Va is Alfvén velocity.

A typical discharge scenario is presented in figure 2(a). We see that in the considered
L-mode discharges the line-averaged plasma density was kept at an almost constant relatively
low level ne~0.6x10"° m™, while central electron temperature was around 300 eV. Figure
2(b) shows the plasma density and temperature profiles against p, which is the magnetic
surface flux label normalized to last closed magnetic surface radius. It is assumed that p <0
for the High Field Side (HFS), and o> 0 the Low Field Side (LFS) of the plasma column. The
low-density (0.4 < n < 1.0x10™ m™) plasmas under studies are characterized by a broad T
profile with T¢(0) ~300-500 eV and flat T; profile, Ti(0) ~ 80 eV. At the same time, the
electron density profile is generally parabolic, with rather flat core at p < 0.4-0.5 and a sharp

negative slope for p> 0.5 [14].
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Figure 2. (a) The typical discharge scenario. Standard magnetic configuration
100 _44 64, Pcongr = 0.59 MW; Pcngner = 0.43 MW; (b) the density and temperature profiles
measured by Thomson Scattering at t = 1098 ms are shown with symbols; solid lines show the

fitting curves.



TJ-11 is equipped with a poloidal array of 24 magnetic or Mirnov probes (MP) placed
inside the vacuum vessel for measuring magnetic perturbations [15]. In addition to the MP
diagnostics, we employed the Thomson Scattering diagnostics, providing the density and T,
profiles once per shot and (HIBP) [16, 17]. HIBP was recently used to study quasicoherent
modes [18-20] and specifically for Alfvén Eigenmodes [8-10]. HIBP provides
simultaneously local internal information about three parameters: electric potential and
density profiles and oscillations, and also poloidal magnetic field oscillations [8—10]. This
diagnostic tool could thus provide internal amplitudes of AEs. Although the HIBP diagnostic
tools on TJ-II were described in [16, 17], it is worthwhile to mention here some relevant

details. HIBP operates with Cs* primary ions having initial energy Ep = 125 keV. HIBP

SV
provides measurements of the local plasma potential ?» ina sample volume (SV), which is
proportional to the secondary beam energy
(0;\/ =(Es—E)/e

(1)

where Eq4 is an energy of the secondary ions Cs™" leaving the plasma after their

ionization in the sample volume. The local plasma density n;’ in the sample volume is
proportional to the secondary beam intensity I
L (0,1) = 21,03 (p,0)c Axexp| = [ N (s)a™(s)ds— [ n,(s)o™(s)ds
L(p) L (p) 2)

where 1, is the intensity of the primary probing beam, o? and o* are the effective
cross-section for electron impact ionization for primary and secondary ions, A is the length of
the sample volume. The integrals are taken along the primary L; and the secondary L,
trajectories in the plasma and describe the primary and secondary beams attenuation. The
poloidal magnetic field By, creates a toroidal force component affecting the beam trajectory
due to the Lorenz force.

%~ 2e[ x6]

©)

Here V is the probing particle velocity, m is its mass, B is the total magnetic field.
Toroidal force component results in the appearance of a toroidal velocity component of the
beam along the trajectory. Thus, the poloidal field By, and its fluctuations may be retrieved
from toroidal velocity V4 and displacement ¢y of the probing beam in the detector using the

integral relations [8]. The HIBP sample volume (SV) size determines the spatial resolution ~1



cm. SV radial position psy can be varied over the whole plasma column, -1 < psy <1, of
TJ-11 [21].

For the considered low-density plasmas the I, mean (time-averaged) radial profile is
symmetric LFS-HFS. On top of that, Iy increases with line-averaged density ne up to

ne < 1.3x10™ m™ due to the local density raise in SV. So, the local term, representing the

local density perturbations in SV i dominates in 't in both LFS-HFS [Last TJ-Il paper

2016]. The same holds for ¢y , which is indeed proportional to B in a sample volume [Last

TJ-11 paper 2016]. Potential perturbation measurements are intrinsically local.

3. Chirping mode observation in the core NBI plasma

In TJ-11 chirping modes are typically observed in the low-density NBI discharges with
and without auxiliary ECRH [Jimenez-Gomez 2011, Melnikov 2014]. This study is dedicated
to NBI-sustained plasmas. An example of AE bursts is presented in figure 3. Figure shows an
example of the mode with a mean frequency around 300 kHz, which lasts about 100 ms. Due
to the Lithium coating of the TJ-Il vacuum vessel, the plasma density is under effective
control, i.e. low-density NBI discharges are stable and reproducible. Figure presents an
example of the very interesting and beautiful phenomenon: long-lasting chirping mode, with
smoothly evolving chirping pattern. The top box (a) of the figure presents this high-frequency
chirping mode, as observed by Mirnov Probe (MP). The lower boxes show this mode as
observed by HIBP parameters (density (b), potential (c), and Byq (d) in the scanning mode of
HIBP operation. Bursts with the fast frequency sweep as large 50 kHz (frequency chirping)
were observed in the TJ-11 plasma for the first time by HIBP. The typical burst period in TJ-II
is about 1-2 ms, while the burst ‘lifetime’ (time from burst appearance to the burst vanishing)
IS twice shorter. The HIBP radial scan lasts 10 ms, so HIBP observes 4-5 chirpings when SV
passes through plasma diameter from LFS to HFS and back.

Figure presents several different chirping pattern marked by red ovals on the figure 3
a). One may see that each pattern is visible in the same way in all four parameters, presented
in the figure. The patterns of the figure 3 are presented in more details in figure 4. Figure 3
shows that the evolution of the patterns is really smooth, the wave-particle interactions
process is continuous, non-interrupted. Figure 3 (e) shows the plasma density profile
evolution, as measured by intensity of the secondary beam l;. The mean density and the
profile as well exhibit really tiny changes, the similar tiny changes are visible in the total

plasma current Iy, as shown in Figure 3 (f), so rotational transform iota has small changes. It



Is suggested that these small evolution of I, and density profile caused the evolution of the
chirping mode pattern.
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Figure 3. Chirping pattern evolution in a single shot, as observed by Mirnov Probe
(a), HIBP density (b), HIBP potential (c) and HIBP By, (d). HIBP operates in the scanning
mode, scanning voltage Usn (t) is shown in black in (e), it represents p sy (t), periodically
changed from -1 to 1, blue curve in (e) — shows the sequence of density profiles, obtained in
each scan, (f) — plasma current, measured by Rogowski coil. Shot #39116 with standard

magnetic configuration 100_44 64.

The difference in the pattern reflects the fine features of the wave-particle interactions
resulting in chirping mode excitation. Figures 3 and 4 shows that these features are very

sensitive to the tiny changes of iota and density profile.

4. Radial expansion of the chirping mode

Radial scan of HIBP Sample Volume is an effective tool to study AE location [X, Y].
An application of this method to the chirping mode with large frequency bursts is shown in
the figure 5. Top box shows the power spectrogram of the density (li:) perturbation, showing
a pronounced chirping mode with raising frequency. The lower box shows the radial

evolution of the SV, psy ().
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Figure 4. Multiple chirping pattern observed in a single shot. Data are taken from

figure 3 with the same notation.

One may see that the image of the individual burst of the mode is not the same for
evolving psv , for larger |psy| the burst, visible by HIBP, starts with higher frequency then for
smaller one. Figure shows that this observation does not depend on the direction of the psv

changing, if it increases or decreases.
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Figure 5. Observation of the chirping-up AE modes by HIBP radial scan. Stars denote
the time instants of the start of the observation of the burst. Yellow lines shows the starting
frequencies ', while blue lines show corresponding normalized radius p* . Both directions of

scan are shown. #38973, configuration 100_42_64, convex-down-type mode.



At the same time the image of the mode in the Mirnov Probes is the same for all
bursts, showing frequency raise from permanent minimum to permanent maximum.

Figure 5 defines the starting frequency of burst f and the corresponding starting
normalized radius p". p" has a meaning of a radial outer frontier, inside which the chirping-up
mode starts with lowest frequency f". The dependence of the p" on the frequency f is shown
on the figure 6. It collects the points from several successive scans on the spectrograms of

plasma potential and density.
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Figure 6. Dependence of the outer radial frontier of the chirping-up AE mode on
starting frequency of the burst ', obtained by HIBP radial scan.

Figure 6 shows that for chirping-up AE mode outer bound p* linearly increases or
expands outwards with low-limit chirping frequency, as determined by several HIBP scans.
At the same time, the inner bound, which corresponds to the high frequency limit of the burst
remains almost unchanged.

Figure 7 shows the spectrograms of potential (a) and density (b) with radial
reconstruction of the bounds of the bursts by presenting p* as a function of time for each burst
(c). The boxes (a) and (b) shows the similarity of the typical image of the chirping mode by
HIBP scan for plasma potential and density, which is similar to Figure 5. Power spectrogram
of Mirnov Probe (d) shows that for the mode under study all bursts are same, showing
frequency raise from minimum to maximum. Box (c) presents the interpretation of the
observations, shown in Figures 5 and 6. Here pink color shows the area of existence of the
bursts, which lies between periodically variating lower bound p* and permanent upper bound.
The mode under study is chirping-up mode, so each burst starts from f* and it reaches the
highest frequency at the permanent upper radial bound. This means that the burst originates in

the core region and then with the frequency raise it expands in radius towards the edge,
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Figure 7. Chirping and HIBP scan: schematic explanation. Power spectral density
evolution for HIBP potential (a), HIBP density (b), blue curve in (c) represents p sy (1),
periodically changed from -1 to -0. 35 in HIBP scanning mode, (d) power spectrogram of
Mirnov Probe. Pink color in (d) denotes the time-spatial evolution of the area of existence of
the bursts, which is limited by lower bound p", marked by black curve, which increases in
time up to the upper bound. Fat blue lines shows the intersection of this area with psv (1),
representing the localization of the frequency area from starting frequency of burst f* to the
final maximum frequency of burst. Shot #38972 with standard magnetic configuration

100_44 64, convex-down-type mode evolving to linear-type mode.

remaining in the birth area. Near the burst origin local HIBP observes the whole frequency

burst, while near the edge it only observes the upper part of the frequency burst.

7. Discussion

The radial expansion of the bursts takes place at the area of the density gradient.
Unless the TS data has large uncertainties for the considered low-density plasma, which are in
the range of 0.1[1019, it can be estimated the density decay from the inner bound of the mode
(r=0.4) to the outer bound of the mode (r=0.7) as a factor of 2 decay. According to the Alfven
law, the mode frequency for the low density in the outer bound should be in a factor of sqrt

(2) higher than at the origin. This estimated frequency coincides with the observations within



the experimental accuracy of the frequency measurements, which is around 10 kHz. So, the
observation may be interpreted as follows: the mode under study originates near r=0/4 and
then expands outwards, encountering the frequency increase due to decay of the density in the

area of expansion.

8. Conclusions

HIBP observation shows the new important features of the chirping Alfven
Eigenmodes in the low-density NBI discharges of TJ-II. The pattern of the chirping-up mode
may evolve during a single discharge with only tiny variation of plasma density and rotational
transform. There are up to six various types of the chirping pattern found. During individual
frequency burst the density and plasma potential perturbation area expands outwards for the
considered chirping-up mode. The frequency raise is in line with the density decay in the area

of expansion.
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