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Abstract

Quiescent high performance plasmas (often termed QH-mode) are attractive due to the replacement of potentially
damaging energy and particle releases known as edge localized modes (ELMs) by relatively benign edge
harmonic oscillations (EHO). These EHOs are believed to be driven unstable by edge current and/or edge
toroidal rotational shear and contribute to edge particle transport. Decreasing the applied neutral beam torque in
standard QH- mode discharge leads to an improved quiescent phase of higher and wider pedestal, also known as
the wide-pedestal QH-mode [Burrell et a/, Phys. Plasmas 23, 05613 (2016)]. This work expands upon the
observed limit cycle oscillation (LCO) dynamics [Barada et a/, Phys. Rev. Lett 120, 135002 (2018)] in this wide
pedestal QH-mode. The onset of these LCOs after wide-pedestal transition are found to be correlated with the
disappearance of coherent EHOs which happens either when the edge maximum bootstrap current decreases
after the transition or when the toroidal rotation is decreased consistent with simulation predictions. Sustainment
of this quasistationary oscillating regime is found to be possible due to a predator-prey type competition between
ExB velocity shear and turbulence density fluctuations facilitated by an inward propagation of non-zonal flow
like toroidally and poloidally symmetric ExB velocity perturbations from these LCOs. These LCO dynamics are
further controlled by adding electron cyclotron heating (ECH) to a neutral beam heated wide-pedestal QH-mode
discharge which led to surprising increase in energy confinement correlated with a concomitant decrease in edge

turbulence in contrast to normally observed confinement degradation in H-mode with ECH.

*E-mail: kbarada@physics.ucla.edu

I. Introduction

The presence of a turbulence suppressed narrow
edge region called the pedestal helps maintaining
improved confinement in the core of a tokamak
operated in high confinement or H-mode'.
Normally in H-mode, the edge pedestal exhibits
periodic perturbations called edge localized modes
or ELMs? that lead to core confinement degradation
as well as high radially outward particle and heat
flux to the plasma facing components. These fluxes
have the potential to decrease the lifetime of plasma
facing components in future large tokamaks’.
Successful suppression and mitigation* of these
ELMs have been demonstrated in many tokamaks
although there remains a challenge in suppressing
these ELMs in a low plasma rotation H-mode
discharge which is the planned expected mode of
operation  in international ~ thermonuclear
experimental reactor (ITER)®. Another option is to
completely avoid ELMs by operating in an ELM-

free H-mode regime. Quiescent H-mode or QH-
mode®® is one such ELM-free operational regime
which normally needs high applied torque from
neutral beam injection (NBI). Edge electromagnetic
instabilities called the edge harmonic oscillations
(EHO) have been shown’ to contribute to the
transport in these standard QH-mode plasmas and
keep the pedestal gradients below the ELM-
unstable limit. Recently'®, decreasing toroidal
rotation (by using simultaneous co- and counter
neutral beam injected torque) in a standard QH-
mode resulted in spontaneous increase in both the
pedestal width and height with the plasma
transitioning to an even higher confinement state.
The reason for this transition is not well understood
but the improved state is thought to be maintained
by changes in edge turbulence due to a bimodal
change in the radial profile of E X B shear (vgyg) in
the edge plasma'® ', This has been described as a
decrease in the v, at the edge for p >0.91 leading
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to an increased amount of turbulence which is
coincident with a decreased confinement and
pedestal gradients in this region. Here p is a
standard magnetic flux coordinate defined as the
square root of the normalized toroidal flux. An
increase in the vgyp for p <0.91 leads to improved
confinement and decreased turbulence levels which
also correlates well with the increased pedestal
height and width, i.e. the pedestal top has an
apparent inward propagation. This regime of
operation is known as the wide-pedestal QH-mode.
Coherent EHOs are often observed to turn off just
before the wide-pedestal transition but sometimes
the EHOs come back stronger after the profile
changes due to wide-pedestal transition.

The experimental set up and the main diagnostics
used are described in Section II. Section III
describes two discharges with similar neutral beam
power and torque program but with different target
densities which can show different EHO behavior
after the wide-pedestal transition. Even if the EHOs
return after wide-pedestal transition, they are
suppressed at low enough applied beam toque.
Within a few milliseconds after cessation of the
EHOs, multiple transport relevant edge plasma
parameters are observed to oscillate throughout the
wide-pedestal operational regime which is limited
by hardware constraints, i.e. NBI operational
period. These oscillations and the changes in the
edge radial profiles during these oscillations are
described in section IV. Section V identifies the
nature of these oscillations as limit cycle
oscillations from the observations in phase-space
plots of density turbulence , vgyp, and
Ugxp obtained from Doppler Backscattering (DBS)
diagnostics. The relationship between vgyp and
density turbulence (ii) will be shown to have a
predator-prey type behavior and in addition, the role
of temperature gradient in the LCO process are also
discussed in this section. A unique spatiotemporal
variation of vgyp leading to the vg,p temporal
evolution is described in Section VI. Section VII
identifies the nature of flow associated with the
oscillations and outlines the differences between the
LCO discussed in this work and those transiently
observed during L-H transition'>!>, Observation of
confinement improvement and LCO period increase
using additional ECH power in an NBI heated wide-
pedestal QH-mode discharge will be discussed in
Section VIII. Finally, the manuscript is summarized
followed by future directions of research.

1I. Experimental set up and key

turbulence and flow diagnostics

The experiments reported here were performed
in the DIII-D tokamak'® which has major radius of
~1.74 m and minor radius of ~ 0.6 m. For the
discharges described in this manuscript, a plasma
current of ~1.1 MA and toroidal magnetic field of
~2.01 T. Neutral beams are used to change both
power and injected torque. Co- and counter directed
(to plasma current) neutral beam injection are used
to ramp down the torque which leads to wide-
pedestal transition. Plasma shaping is changed from
upper single null to double null much before the
start of the torque ramp down process.

Doppler backscattering (DBS) is the key
diagnostics used to measure high time resolution
turbulence and turbulence flow velocity. The DBS
system'” in DIII-D utilizes eight discrete probe
frequencies in the range 55-75 GHz and is located
near the vacuum midplane of DIII-D at toroidal
angle, ¢@~60". DBS is a relatively new
measurement  technique'’?*  that  provides
wavenumber and spatially resolved density
fluctuation measurements as well as the flow
velocity of these fluctuations. The local
perpendicular flow velocity, v, is obtained from the
Doppler shifted frequency f, = 2wk, v,. Here k
is the perpendicular wavenumber of the density
fluctuations which is dominantly in the poloidal
direction near the cutoff location (k,~ kg) and the
total fluctuation velocity, v,is composed of the
local E X B velocity and turbulence phase velocity,
i.6. U, =VUgxp T Upurp - With the measured Doppler
shifted frequency and k, from 3D raytracing code
GENRAY?, v, can be estimated. Plasma frame
linear TGLF? calculations' 2’ performed in a
similar discharge found that for the measurement
locations and for fluctuations of interest here, the
turbulence phase velocity in the plasma frame is
much smaller than the measured turbulence flow
velocities ( Vg,p< lkm/s compared to v, ~15-30
km/s). So, for the data presented here the turbulence
flow is dominated by contribution from the local
ExB velocity, v,=vgxg. The intensity of the
received DBS signal is proportional to i and the
rms value of fi can be calculated by integration of
the intensity over the Doppler shifted frequency
range. E X B velocities measured by DBS at eight
radial locations are used to calculate the E X B
velocity shear and these will used to understand
further the edge limit cycle dynamics in this
manuscript. The plasma frame TGLF
calculations'! >’ also show modes propagating in
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the electron diamagnetic drift direction in the range
of measured intermediate-k (kgps~0.8 — 1.8, p is
the ion Larmour radius with T,~T;) density
fluctuations by DBS.

III. Evolution of coherent EHOs at wide-
pedestal transition

In this section we investigate the underlying
physics mechanism of coherent EHO behavior at
the wide-pedestal transition. One interesting feature
of these wide-pedestal QH-mode discharges is that
often the EHOs turn off just before the transition
and in some discharges the EHOs later reappear
after the transition. Figure 1 shows two discharges
which have different wide-pedestal transition times
with different chord-averaged target electron
densities but otherwise similar plasma parameters at
least until the wide-pedestal transition. As the total
injected beam torque is decreased, the discharge
with higher target density displays a wide-pedestal
transition around a time ~2395 ms (marked by black
dot-dashed line in Figure 1) of the discharge. This
is evidenced by both pedestal pressure height
(Figure le) and width (Figure 1f) increasing when
the input beam torque is approximately 2.9 Newton-
meter (N-m). The EHOs return with stronger
amplitude after ~ 40 ms of the transition as can be
seen from the amplitude of toroidal mode number
n=1 EHO amplitude in Figure 1c at ~2433 ms.

For the discharge with lower target density, the
wide-pedestal transition occurs at a time ~2910 ms
(shown by the red dot-dashed vertical line) when
the beam torque is around 0.8 N-m. This value of
NBI torque is much less than the value of 2.9 Nm
for the higher target electron density case. In this
lower target density shot, the EHOs do not return
although the wide-pedestal is maintained for many
energy confinement times.

The changes in radial profiles of electron pressure
and its gradient before and after the wide-pedestal
transition in these two discharges are compared in
Figure 2. For both these discharges, the value of
maximum pressure gradient and the pedestal top
locations (see figure 2a and 2d) have moved radially
inward after the transition. Also to be noted in both
the discharges that the pressure gradient has
decreased towards the lower half of the pedestal
whereas it has increased towards the top of the
pedestal. It can be seen that the maximum pressure
gradient has increased (Figure 2b) after the wide-
pedestal transition for the discharge in which the
EHOs came back indicating height has increased
more than the width. In contrast, the discharge in

which the EHOs did not reappear shows a decrease
in maximum pressure gradient (Figure 2e) after
transition indicating increment in pedestal height is
less than that of pedestal width after the transition
as compared to before the transition in this
discharge.

Calculations of edge bootstrap current in these
two discharges are shown in Fig 2c¢ and 2f, the
maximum edge bootstrap current increases by ~20
% for the discharges in which the EHOs come back
and decreases by ~30% for the discharge in which
the EHOs never reappear. Simulations have shown
that EHOs are consistent with peeling modes that
are driven by edge current®® (which has dominant
contribution from the edge electron pressure
gradient driven bootstrap current). The increase in
pressure gradient can lead to higher edge bootstrap
current which then can act as a stronger drive for the
EHOs and this may explain why the EHOs come
back strongly in the discharge with higher target
electron density in which the maximum pressure
gradient increased after the transition.

The appearance of strong oscillations in edge
parameters after the disappearance of the EHOs is
described next.

Iv. Appearance of strong periodic
oscillations after EHO cessation

In this section we describe the strong oscillations
in edge parameters that appear after the cessation of
the coherent EHOs. The variation of edge
parameters, profiles and their gradients are
examined. As the input beam torque is ramped
down in the higher density discharge (shown in
Figure 1) from ~2.5 Nm at 2433 ms to ~0.5 Nm at
3250 ms and kept constant after that at ~0.5 Nm, the
EHO disappears at approximately 3257 ms
indicated by decrease in EHO amplitude shown in
Fig lc and the magnetic spectrogram shows the
EHOs disappear (not shown here). Within few (~2-
3 ms) milliseconds after the EHO cessation,
oscillations are observed in multiple transport
relevant edge parameters as shown in Figure 3.
These oscillations can be sustained for many
electron energy confinement times [~3-28 7,] and
are sustained for ~ 5 7, for the discharge shown in
Figure 3. The wider and higher pedestal as well as
the ELM-free state is maintained for many energy
confinement times even in the absence of EHOs in
more than 60 wide-pedestal QH-mode discharges
studied, indicating that transport caused by the
EHOs has been replaced by new transport
mechanisms to sustain an ELM-free pedestal. In
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fact, power balance calculations (not shown here)
suggest no significant change in heat diffusivities
going from the EHO phase to an EHO-free phase
of the wide-pedestal QH-mode discharge?’.

Figure 3 shows oscillations in edge T, measured
by electron cyclotron emission (ECE) diagnostics at
p~0.91 and C®" ion temperature measured by charge
exchange recombination (CER) spectroscopy (Fig
3a), Divertor Deuterium-alpha (D) radiation light
intensity (Fig 3b) measured by filterscope, ion
saturation current density measured by floor
Langmuir probe (Fig 3c), and radial electric field
measured by charge exchange recombination
(CER) spectroscopy at p ~0.91(Fig 3d). As can be
seen, each drop in edge T, is associated with
increases in D, light intensity and Langmuir probe
ion saturation current density (J54,) and a decrease
in edge radial electric field (E,) magnitude. These
data indicate that the underlying physics mechanism
of these oscillations is strong enough to affect
multiple and different edge parameters. Although
these parameters are measured at different poloidal,
toroidal, and radial locations, they oscillate at the
same frequency (~54 Hz) and these oscillations will
be identified as LCOs in the following section. The
modulations in Langmuir probe ion saturation
current density (Jsq¢ X ng\/TTe) suggests modulated
particle transport at LCO timescales. The divertor
heat flux (not shown here) measured by infrared
(IRTV) cameras also shows modulations at LCO
frequency. For clarity and brevity these
perturbations will be referred to as LCOs even
though the demonstration of this will be deferred to
the next section.

Not only the edge parameters but also the radial
profiles of n, and T, measured by Thomson
scattering diagnostics, and the pressure calculated
from these above profiles also show appreciable
changes during one LCO period. Figures 4 b-d show
these profiles at two times (both within one LCO
period) marked by the black (at 3325 ms) and red
arrows (at 3339 ms) in Fig. 4a of electron
temperature measured at p~0.91. Black and red
curves in figures 4b-d correspond to profiles at
times 3325 ms and 3339 ms respectively. As can be
seen the height and width of the pressure pedestal is
changing over one LCO period. Data obtained from
high time resolution profile reflectometry
measurements (shown in Figure 5) also show that
the height and width of the density pedestal
(calculated by tanh fitting of profiles) are oscillating
at LCO timescales. The density pedestal width

(shown in figure 5b) was found to be increasing
more than the density pedestal height (shown in
figure 5a) during LCO cycles (figure 5d) leading to
a decrease in density pedestal gradient (shown in
figure 5c). This behavior of decreased density
pedestal gradient due to increase in the density
pedestal width is very different from that reported
during inter-ELM% periods of DIII-D H-mode
discharges.

Confirming these changes also are the changes
in gradients of electron density, temperature, and
pressure (Figure 6a-6f) over time at two different
radial locations (around pedestal top at p~0.87 and
near maximum gradient region of the pedestal at
p~0.94) calculated from high time resolution T, and
n, measured by ECE and profile reflectometry
diagnostics, respectively. Clearly, the pressure
gradients are modulated at LCO time scales and it
appears that the pressure gradient variations at the
pedestal top follow the changes in pressure gradient
at the mid-pedestal. After the pressure gradient in
the steep gradient region drops (time indicated by
vertical dotted lines in Fig 6e-f), the pressure
gradient around the pedestal top also decreases but
with a time delay. Due to similar trends of local T,
and n, gradients during an LCO period, we will
focus only on variations of VT,. It was also found
that gradients of electron and impurity ion pressure
vary similarly during these LCO events. The
relation between the oscillations in pedestal
parameters, profiles, and profile gradients with
other important transport relevant parameters like 11,
VT,, vgxp and vgyp and their mutual relationships
during these LCO events will be discussed in the
following section.

V. Coupled density turbulence i, velocity
shear vg, g, and gradient drives, limit cycle
oscillations, and consistency with a
predator-prey system
In this section the relationships between the

parameters discussed above as well as local density

turbulence i, velocity shear v g.p, and gradient
drives are examined. It will be shown that these
form a coupled system exhibiting behavior
consistent with a predator-prey system. To
understand the pedestal dynamics associated with
these long-lived oscillations of both edge
parameters and profile gradients, fi, Ugx g, and Vg
are either measured or estimated from
measurements using an eight channel Doppler
backscattering'”  (DBS)  diagnostics  system
described in section II.



AlP

Publishing

Figure 7a shows the density turbulence
intensity spectrum measured by DBS at p~0.91 in a
time window of ~50 ms, which is much after the
EHO cessation time ~3257 ms in the higher target
density discharge shown in Figure 1. This spectrum
shows regular bursts in fi intensity and associated
with each of these turbulence bursts is a decrease in
of the Doppler shifted frequency. Figure 7b-d
compare N rms values, vgxp, VT,, and velocity
shear vgyp. Figure 7b shows the fi rms values
calculated by integrating the intensity shown in
figure 7a over a Doppler shifted frequency range of
800-4000 kHz. Figure 7c shows the vgyp calculated
using the information of Doppler shifted frequency
and fluctuation wavenumber from GENRAY. VT,
at this location (Figure 7d) is calculated from ECE
measurements and shows similar temporal behavior
as that of vgyp. Ugyp (Figure 7e) between
consecutive probed locations is calculated from the
already obtained vgyp at eight probed radial
locations and interpolated to the probed locations.
As can be seen from figure 7b-e, i rms, Vgxg, Ve,
and vg,p all show periodic behavior at the same
frequency.

For ease of understanding, we have divided the
oscillation period into three phases as indicated by
red, blue, and black shades and also their individual
durations are marked in Figure 7. Phase 1
corresponds to a time period in which 1 increases
rapidly, phase 2 is the period of time when f
decreases rapidly, and in phase 3, fi increases slowly
in time. In phase 1 as fi rms increases, Vgxg and VT,
decrease while E X B shear is decreasing. In phase
2 as i is decreasing, Ugxp continues to decrease and
increases later, VT, continues to decrease and E X B
shear increases first and when fi is very low, E X B
shear also decreases. In phase 3, fi increases slowly,
vgxp and VT, increase and saturate, and E X B
shear increases slowly until the start of the next
cycle.

Mutual relationships between these quantities
are studied by their respective phase spaces in figure
8. Although only one cycle is shown in all the phase
space plots for clarity, the individual values of
respective parameters come back to the same values
after each cycle as can be seen in Figure 7b-d
confirming the limit cycle behavior. As timescales
involved in these periodic phase space behavior
match with that of quantities shown in figure 3, the
oscillations in figure 3 are described as LCOs in
section IV. Figure 8a shows the phase space of
Ugxp Vs Tl and displays an LCO type character. With

the progression of time, a point on this curve moves
in the clockwise direction with changes in vgxp
leading the changes in i e.g. a decrease in Ugyp in
phase 1 is followed by a decrease in i in phase 2.
When fi increases, vgyp decreases in phase 1 and
later when fi decreases, Vg g also decreases in phase
2. In phase 3, both fi and vgp increase slowly in
time. fi is known to affect vgyp either increasing the
value of wvgyxp via zonal flow generation
mechanism®® or by decreasing it by reducing the
profile gradients via turbulence transport. It is
generally thought that vgyp cannot directly affect fi
whereas flow shear, v, 5 can affect the turbulence
by shearing and decorrelating turbulent eddies®!,
thus acting as a damping parameter on 1.

Figure 8b shows the phase space of flow shear,
Upxp Vs N which also exhibits an LCO type
behavior. For the sake of clarity, here also only one
cycle is shown although the phase space nearly
repeats itself for multiple cycles while oscillating in
between high vg,g/low i and low vgyp /high @i
states. With progression of time, a point on this
curve moves in the counter-clockwise direction
indicating vg.pis lagging fi. In phase 1, as
Ugxp decreases (with increasing time), i increases
significantly, by ~300%. In phase 2, as
Ugxp increases fi reduces significantly (~85%). As
phase 2 ends, the flow shear decreases significantly
when i is very low. In phase 3, both vy and fi
increase slowly. This behavior appears to be
consistent with a predator-prey type system often
observed or simulated in ecological systems, e.g.
the classic lynx/predator and hare/prey system?2.
Here, wvg,pis consistent with being a predator
while fi acts as its prey i.e. when shear (predator
population) decreases, i (prey population)
increases, when shear (predator population)
increases, fi (prey population) decreases and when fi
(prey population) is very low then shear (predator
population) also decreases. In the classic predator-
prey system only two populations are posited, while
here it will be seen that a more complex interaction
involves a turbulence drive term interacting with
both fi and vgxp.

Plotted in Fig. 8c is the phase space of VT, vs ii
showing limit cycle type behavior. For simplicity
and consistency with the observation that local
gradients of electron density and temperature are
varying similarly (see Fig. 6a-d), only VT, is used.
Interestingly, a point in this phase space moves in a
clockwise direction similar to the vgyg vs i phase
space. In phase 1, when i increases VT, decreases.
When i decreases, VT, also decreases in phase 2. In
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phase 3, VT, and fi increase slowly. This slower and
small increase of i in phase 3 can be explained by
simultaneous increases in both VT, and vg.g
(Figure 8b-c) in this phase. As can be seen, the
gradient changes during the maximum changes of il
i.e. phase 1 and 2, are much smaller (percentage
wise) compared to corresponding changes in vgyp.
This suggests a dominant role of vy over VT, in
regulating @i with VT, (or equivalently VF,)
providing a nearly constant drive for turbulence
throughout the cycle. Furthermore, a point on the
VT, - fi curve (Fig. 8¢c) rotates clockwise with
time such that a predator-prey type picture
indicates that fi acts as a predator on the VT,.
This is consistent with turbulence driven transport
(particle flux T = (/iE)/B and convective thermal
flux Qe cony =3/ 2T,I) driven by density
fluctuations, i modifying the temperature profile
and its gradient.

VI. Spatiotemporal dynamics and shear
generation

The mechanisms underlying the velocity shear
evolution are presented in this section. It will be
shown that a spatiotemporal variation of the ExB
flow velocity, vgxp is key to understanding this
system. Figure 9a,b show the temporal evolution of
il and vgxp at three different radii (only three radii
chosen for simplicity). As multiple radial locations
are considered and LCO phases are defined specific
to a radial location, different notations are used to
specify the times of interest as I, II, III, and IV and
are indicated by vertical dashed lines.

il (Fig 9a) increases nearly at the same time at
all radial locations but peaks at a later time (i.e. is
delayed) as the measurement location moves
inward. The vgyp evolution shows a very
interesting spatiotemporal behavior (Fig. 9b). As
Upxp starts to decrease at the outer radial location
p~0.92 around time I, vgxp at inner probed radial
locations is seen to increase at this time. This results
in a decreased difference between the vy p between
these radial locations that in turn gives rise to a
lower velocity shear vg,g (e.g. Fig. 9¢ of vgyp at
p~0.90 in the time interval of I-II. This decrease in
Upxp is coincident with an increase of fi at this
radius (Fig 9a). Later after time II, the drop in vgyp
at the outer radial location stops but vgp at inner
radial locations continue to decrease in the time
interval II-III, and this increase of difference in
Ugxp values leads to an increase in vgyg. This
increase in vgy g is correlated with decrease of fi at
this location (Fig. 9c and 9a). Later, as vgyp at the

inner radial locations starts to increase to their
original values as before time I, vg, g drops due to
lesser difference in vgyp while fi remains roughly
constant. Thereafter, v, and i increase slowly
until the start of time I in the next LCO cycle and
the process continues.

This spatiotemporal behavior of vgyp is the key
to understanding the dynamics of this predator-prey
system. That is, the inward pulse like propagation
of vgxp reduction and the associated time delays at
each radial location set up a spatiotemporally
varying shear vg, g and fi. Importantly, this system
is seen to include inherently one or more spatial
dimensions as well as time. This complex system is
very different from the ideal predator-prey system
described by Lotka-Volterra equations which
describe the dynamics in a localized space without
accounting for practical parameters like spatial
diffusion® of predator and prey population in
time.

A cartoon shown in Figure 10 summarizes the
inferred dynamics from the above mentioned
experimental observations of multifield predator-
prey interactions. As can be seen from figure 10, it
affects edge pressure gradients of both electron and
ions. Changes in edge pressure gradients affect the
edge radial electric field and vgyp. Spatiotemporal
delay associated with vgyp evolution creates the
necessary Ug,p which regulates fi and the cycle
repeats. In these low toroidal rotation plasmas, edge
E, and the resulting vgxp have a dominant
contribution from the diamagnetic (radial pressure
gradient driven) force in the force balance
equation®® and it should be noted that all the charged
species (electrons, main ions, and carbon ions) obey
their own force balance equation and see the same
radial electric field. This is confirmed by CER
measurements of C°* ions (shown in figure 11 at
three different radial locations) which clearly show
that the radial electric field has much more
contribution from the diamagnetic pressure gradient
of C®* ions as compared to the rotation of C®* in
the pedestal. The pressure gradient of C®* ions and
total radial electric field (figurellc) are found to
oscillate at the same LCO frequency as the pressure
gradient (figure 6e-f) of electrons. Also, the phase
spaces of VT, vs i (figure 8c) and vgxp vs i (figure
8a) are similar and both rotate in clockwise
directions as time progresses. In our experiments,
we found that electron pressure gradient varies
almost linearly with C®* ion pressure gradient
during the LCOs.



AlP

Publishing

These above observations indicate i affects both
electron and ion pressure gradients via radial
transport thus connecting the changes in i to that of
edge E X B velocity and its shear. So, VT, (or VP,
since Vn, changes are similar to VT, see fig 6) acts
as a drive for 0 and evolution of VP; induces
changes in edge radial electric field, vgyp, and
E X B shear in these low toroidal rotation plasmas.

It should be noted that high time resolution E X B
velocities and their shear used in this manuscript are
obtained from DBS measurements if not specified
otherwise and not from CER measurements
although they generally agree well. These
observations present a coupled and complex
predator-prey system of fi, VT, Ugxp, and vgyp in
which changes in 1 affect VT, and are affected by
Upxg, Whose evolution depends on the
spatiotemporal evolutions of vgyz. These dynamics
are illustrated in Figure 10. The increase in density
turbulence fi has been found to be correlated with a
decrease in edge VT, (and also edge pressure
gradient) in each LCO cycle as shown in Figure 8c.
This can potentially keep the pedestal below the
ELM-unstable limit via turbulence driven transport
which is evidenced by the cyclic modulations of the
Langmuir probe ion saturation current (Figure 3c)
and other transport relevant edge parameters shown
in Figure 3.

VII. Source of LCO flow perturbations:

Zonal or mean E X B flow

The source of these low frequency LCO flow
perturbations can be due to a variety of effects
including poloidal and toroidal plasma flow,
pressure gradients, zonal flow, etc. Zonal flows®
are very low frequency toroidally and poloidally
symmetric flows driven by turbulence anisotropy at
higher turbulence levels whereas the mean E X B
flow is driven by mean plasma rotation (toroidal and
poloidal) and mean edge pressure gradient. The
nature of the flow was investigated by
simultaneously —measuring vgyxp With two
independent DBS systems toroidally separated by
180° and poloidally separated by ~ 9 cm (due to
upward and downward probe beam launches
relative to midplane) but at nearly the same radial
location (same probe frequency). Figure 12 shows
the cross-correlation between these toroidally
separated vgyp measurements for two different
periods of the wide-pedestal QH-mode: one in EHO
dominated phase and the other in LCO phase. As
can be seen, the cross-correlation increases from
~0.1 to ~0.7 going from the EHO phase to the LCO

phase of the wide-pedestal QH-mode. This strong
correlation and low time lag (~0 ms) in the LCO
phase is consistent with anm = 0 and n = 0 nature
of the LCO flow perturbations (here m and n are the
poloidal and toroidal mode numbers respectively).
Despite possessing poloidal and toroidal symmetry,
we found that these LCO flow perturbations are
very different from the zonal flow dominated
perturbations associated with the different, transient
type of LCOs'>" reported from the L-H transition
experiments. Figure 8a shows that when turbulence
increases to its maximum value during the one limit
cycle, flow decreases which is opposite to the
behavior reported by the transient LCO L-H mode
transition data'*. In addition, the behavior shown in
Fig. 8a seems contrary to that expected from zonal
flow picture in which flow increases due to higher
fi generated turbulence Reynold’s stress'®. This data
indicates that, although zonal flows may be present,
any zonal flow contribution to the overall flow is
subdominant to that of mean E X B flow which can
be modified by turbulence driven radial transport.

VIII. Increased confinement and control of
LCO using additional electron cyclotron
heating
From the above it was found that fi, VT,, Vgxp,

and g, g are important parameters that regulate the

underlying mechanism of these LCOs while
exhibiting a predator-prey like dynamic (note that
other controlling parameters cannot be ruled out
with the available data). To further explore this, we
applied electron cyclotron heating (ECH) to an
established wide-pedestal QH-mode discharge to
vary both T, and VT, which surprisingly resulted in
increase of thermal energy confinement time.
Figure 13 shows a wide-pedestal QH-mode
discharge with ECH application at 4000 ms (~0.7

MW of ECH power is added at p~0.3 and an

additional ~0.45 MW ECH power is added ~ 4300

ms). The NBI power remains constant (~4.1 MW)

during ECH application as shown in figure 13a.

After the ECH is applied, the energy confinement

surprisingly increases as indicated by the increase

in the value of ITER h98y2 scaling parameter in
figure 13b. This is in contrast to confinement
degradation®” ¥ with additional ECH power
observed in normal H-mode plasmas with ELMs.

Figure 13c shows fi rms value obtained from DBS

measurements at p~0.91. The LCOs can be seen

clearly modulating measured density turbulence.

The LCO frequency decreases (~63%) from ~77 Hz
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before (~3800 ms) ECH application to ~28 Hz after
ECH application (~4400 ms) but the peak
turbulence amplitude has remained nearly the same
i.e. less frequent fi bursts with ECH. As expected
this leads to a decrease in time-averaged il rms value
at p~0.91 (shown in Figure 13d) which decreases
from ~0.0028 before ECH application to ~0.0012
after ECH application i.e. ~57%. Figure 13e shows
an increase in VT, (~25%) measured at p~0.91 after
ECH application and the LCO perturbations to VT,
also increase. Despite the increase in VT, density
turbulence has decreased on average. This can be
explained by increase (~50%) in E X B shear
(figure 13f) at p~0.91 obtained from multi-radii
DBS measurements of g 5. The observed decrease
in time-averaged i rms value with an increase in
Upxp is consistent with confinement improvement
(figure 13b) and also profile improvements
observed in profiles of n, and T, shown in figure
14a-b for times before and after ECH application.
Both pedestal pressure height and pedestal pressure
gradient are found to increase after ECH
application.

Additionally, ECH is found to be an actuator for
LCO frequency control from the above
observations. A survey of many discharges with
different LCO frequencies has also shown (Figure
15) that both the LCO period and the perturbations
from LCOs on VT, increase with an increase in VT,.
This is consistent with observation in figure 13e.
Future experiments and analysis will explore other
possible actuators (e.g. Ugyp, collisionality, etc.)
that can affect LCO dynamics and hence LCO
period.

IX. Summary and future work

Long-lived limit cycle oscillation dynamics are
observed in wide-pedestal QH-mode that is free of
EHOs and ELMs. The appearance of these LCOs
correlate with EHO cessation which depends on
edge bootstrap current evolution after the wide-
pedestal transition. The LCO dynamics have been
explained on the basis of predator-prey behavior
between different parameters like VT, fi , and vy p.
Unlike an ideal Lotka-Volterra predator-prey
system, this observed system depends on the spatial
and temporal variations e.g. in VT, and vgyg. An
inward radial propagation of the vgp perturbations
generates the necessary velocity shear, vg,p which

Acknowledgement

then regulates fi locally. The underlying physical
mechanism of the delay associated with the
evolution of fi and vg«p at different radial locations
is unknown so far. 1D modeling®*#! of multifield
predator-prey systems for LCOs during L-H
transition might help us understand this delay
mechanism. However, the long-lived LCOs
described in this manuscript are found to have
significant differences when compared to the
transient LCOs observed preceding the L-H
transition!?!% bifurcation where turbulence feeds
the zonal flow and in our case turbulence is
observed to damp the mean E X B flow.

We also found other contrasting features of our
long-lived LCOs which are very different from the
transient LCOs observed during L-H transition such
as our LCOs don’t lead to any confinement
transition whereas in the case of L-H transition , the
LCO dynamics leads to the H-mode transition. The
LCOs reported here are observed in an already
developed pedestal whereas LCOs observed during
L-H transition occur while the pedestal is
dynamically evolving. These differences are
summarized in Table 1.

Additionally, LCO dynamics have been
modified by adding ECH. This led to improved
particle and thermal confinement correlated with
decreased time averaged fi rms levels and higher
Upxp indicating again the underlying turbulence
associated with these LCOs contributes to the
transport in the edge region of wide-pedestal QH-
mode plasmas.

We have gained significant understanding of
the LCOs in wide-pedestal QH-mode*? and found
that the underlying turbulence and transport have an
important role in maintaining the wide-pedestal
below the ELM-unstable limit. This is evident from
the edge Langmuir probe ion saturation current
density being modulated at the LCO frequency and
also from the modifications of the LCO period with
ECH leading to better particle and heat
confinement. The dynamics and physics of an
LCO/predator prey like regime in a developed and
quasistationary wide-pedestal QH-mode was the
focus of this paper. Future work will focus on the
physics of the transition from standard to wide-
pedestal QH-mode and the subsequent development
of an LCO state.
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Figure 1. Temporal variations of (a) NBI power, (b)NBI torque, (c) EHO amplitude, (d) Chord averaged density (e) Electron
pedestal pressure, and (f) Electron pedestal width for a high (black) and a low (red) target density QH-mode discharges with their
respective wide-pedestal transition times marked by black and red dash-dot vertical lines.

Figure 2. (a) Electron pedestal pressure, (b) its gradient and (c) calculated edge bootstrap current before (black solid curve) and
after (blue dot-dash curve) wide-pedestal transition in high target density shot where the EHO reappears after the transition and
(d) Electron pedestal pressure, (e) its gradient and (f) calculated edge bootstrap current before (black solid curve) and after (blue
dot-dash curve) wide-pedestal transition in low target density shot where the EHO turns off and does not reappear after the
transition.

Figure 3. (a) T, atp ~ 0.91 and C°* T; at p ~ 0.90 , (b) Lower divertor Da. visible light emission intensity, (c) Ion saturation
current density from edge Langmuir probe, and (d) Radial electric field measured by CER

Figure 4. (a) Black and red arrows shown on the temporal variations of T, at p ~ 0.91 correspond to the beginning and end of a
limit cycle, the times for which the radial profiles of (b) electron density, (c) electron temperature, and (d) electron pressure are
shown with respective colors (i.e. black and red solid curves correspond to the profiles at times around the beginning and end of
an LCO cycle). Horizontal and vertical dash-dot lines in red and black are indicative of respective changes in electron pressure
pedestal height and width during an LCO cycle.

Figure 5. (a) Density pedestal height, (b) density pedestal width estimated from tanh fitting of high time resolution profile
reflectometry density measurements show larger relative increase in density pedestal width compared to the height which leads
to decrease in pedestal density gradient (¢) which is calculated from data in (a) and (b), and (d) edge Te variations during limit
cycle oscillations in a wide-pedestal QH-mode discharge.

Figure 6. Pedestal gradients of electron density measured by profile reflectometry at (a) p~0.94 and (b) p~0.88, Pedestal gradients
of electron temperature measured by electron cyclotron emission diagnostics at (¢) p~0.94 and (d) p~0.88, and Pedestal gradients
of electron pressure obtained from (a), (b), (c), and (d) by multiplying the electron density and temperature gradients at (¢) p~0.94
and (f) p~0.88. All the gradients oscillate at the LCO frequency. Variations at p~0.88 follow the variations at p~0.94.

Figure 7. (a) DBS measured density fluctuation intensity spectrum showing regular bursts in the LCO regime, (b) i rms, (¢) Vg5,
(d) Electron temperature gradient, and (e) ExB shear all at p~0.91 during 50 ms of an LCO dominated phase in wide-pedestal
QH-mode.

Figure 8. (a) Phase space vgyp and fi, (b) Phase space vgp and fi, and (c) Phase space of VT, and fi all at p~0.91 showing LCO
behavior.

Figure 9. Temporal variations of (a) il rms values and (b) ExB velocity at three different pedestal locations (p~0.92, 0.90, and
0.88 ) during the LCO phase for ~ 3 LCO periods, and (c) temporal variations of ExB shear calculated at p~0.90.

Figure 10. A schematic cartoon showing the predator-prey dynamics as understood from our experimental results. The dynamics
leading to LCOs during L-H transition are shown with dashed rectangular boxes and arrows on top left of this figure.

Figure 11. Individual contributions to the total radial electric field from diamagnetic pressure gradient and V' X B forces measured
by CER diagnostics of C®ions at three different major radius locations (a) Rmaj~223.5 cm, (b) Rmaj~225.0 cm, and (c)
Rmaj~226.5 cm. Legends are shown in (c).

Figure 12. Comparisons of cross-correlation coefficients of vgyp oscillations measured by two independent DBS systems toroidal
and poloidally separated by 180° and ~9 cm before (solid black curve) and in (solid red curve) the LCO regime.

Figure 13. (a) Temporal variations of ECH and NBI power, (b) ITER h98y?2 factor showing confinement improvement with ECH,

(c) DBS measured il rms values around p~0.91 are modulated by the LCOs show a decrease in LCO modulation frequency, (d)
Time averaged i shows a decrease in fi with ECH, (e) edge VT, (p~0.91) shows an increase with ECH and an increased LCO
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perturbations to VT, with ECH, and (f) E X B shear (around p~0.91) calculated from DBS measurements of E X B velocity shows
an increase with ECH in a beam heated discharge which is already in wide-pedestal QH-mode discharge prior to ECH application.

Figure 14. Comparisons of radial electron density and temperature profiles for no added ECH (black curve) and 1.2 MW ECH
(red curve) added conditions in an already existing wide-pedestal QH-mode discharge show improvements in both particle and

heat confinement.

Figure 15. VT, vs LCO period from ~20 shots at multiple times. VT, and the LCO perturbations to VT, increase for increased
LCO period.

TABLES

Wide-pedestal QH-mode LCOs LCOs during L-H transition

Long-lived with no transition Transient and Leads to L-H
transition

fi driven transport decreases gradients il driven zonal flow shear helps

and ExB velocity reduces transport i.e. increases
gradients

ExB Flow shear regulates turbulence Zonal flow shear regulates
turbulence

LCOs are observed in an already Pedestal dynamically develops

developed pedestal during the course of LCOs

Table 1. Characteristics comparisons between LCOs observed in wide-pedestal QH-mode and LCOs observed during L-H
transition.
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