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Abstract

The non-local transport nature revealed by the research in transient phenomena of
toroidal plasma is reviewed. The following non-local phenomena are described: core
temperature rise in the cold pulse, hysteresis gradient—flux relation in the modula-
tion ECH experiment, and see-saw phenomena at the internal transport barrier (ITB)
formation. There are two mechanisms for the non-local transport which cause non-
local phenomena. One is the radial propagation of gradient and turbulence. The
other is a mediator of radial coupling of turbulence such as macro/mesoscale turbu-
lence, MHD instability, and zonal flow. Non-local transport has a substantial impact
on structure formations in a steady state. The turbulence spreading into the ITB
region, magnetic island, and SOL are discussed.

Keywords Toroidal plasma - Non-local transport - Turbulence spreading

1 Introduction

The study of the relation between the radial flux and radial gradient of plasma den-
sity, flow velocity, and temperature in the magnetically confined toroidal plasma is
crucial for predicting the plasma parameters (density and temperature) in a future
device for nuclear fusion. This is because the smaller radial heat flux determined by
the heating power and larger temperature gradient are desirable for a fusion reactor
with high efficiency. The study to clarify the physics mechanism determining the
gradient—flux relation is called transport study. There are two concepts of particle,
momentum, and heat transport in the toroidal plasma. One is local transport, where
the local gradient solely determines the local radial flux with a diffusion coefficient
based on Fick’s laws. Here, the diffusion coefficient depends on the various local
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plasma parameters and satisfying the local closure. A significant contribution of the
non-diffusive term (radial flux which does not depend on the gradient) exists in par-
ticle, momentum transports. The other is non-local transport, where the local radial
flux is determined globally (violation of local closure).

In general, it is not easy to identify the non-local transport in the steady state
because the diffusion coefficient varies in radius, and any amount of radial flux can
be reproduced by arbitrary values of the diffusion coefficient. Therefore, the non-
local transport was identified by the research in transient phenomena. The transient
phenomena which cannot be explained by the local transport are called non-local
phenomena. The non-local transport and non-local phenomena are not identical.
Non-local transport, which does not exhibit non-local phenomena, also exists.

Non-local phenomena were observed as the transient temperature rise in the
plasma core triggered by the cooling at the plasma edge (Gentle et al. 1995). Since
then, many non-local phenomena have been observed in various toroidal plasmas.
The typical examples are (1) non-local core temperature rise, (2) the hysteresis of
gradient—flux relation, and (3) see-saw phenomena. Although there are many experi-
mental results on non-local phenomena, the research for non-local transport mecha-
nisms is limited despite its importance. The understanding of non-locality phenom-
ena and non-local transport is an emerging issue in magnetically confined toroidal
plasmas (Ida et al. 2015a). There are two models for non-local transport mecha-
nisms. One is the radial propagation of gradient and turbulence intensity. And the
other is the mediator, which causes the radial turbulence coupling. The candidate for
the mediators are, macro/mesoscale turbulence, MHD, and zonal flow.

Non-local transport has a significant impact on the structure formation in the
steady-state. The impact appears as turbulence spreading at the boundary layer of
transport such as the ITB foot and H-mode pedestal, and at the boundary of mag-
netic topology such as the magnetic island boundary and last closed flux surface.
The violation of local closure and the non-local response observed in experiments
and theoretical models on the mechanism for the non-local transport are described
in the previous work (Ida et al. 2015a). This review paper describes the pioneering
work on transient phenomena and the recent experimental results to study the mech-
anism for non-local transport. The impact of non-local transport on the structure for-
mation of the internal transport barrier (ITB) and staircase are also discussed. Non-
local transport nature (hysteresis gradient—flux relation) and non-local phenomena
are described in sections II and III. The mechanism and impact of non-local trans-
port are discussed in sections IV and V.

2 Non-local transport nature: hysteresis gradient—flux relation

2.1 Definition of non-local transport

Two processes cause the radial flux of density, momentum, and heat in the plasma in
magnetically confined toroidal plasmas. One is a radial flux enhanced by the collisional

process of ion and electron, called neoclassical transport. The other is a radial flux due
to the turbulence of potential, density, and temperature in the plasma, and this is called a
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turbulent transport or anomalous transport. Figure 1 shows the elements that determine
turbulent transport, and the difference between local transport and non-local transport
is illustrated. Here, I', P, and Q are the particle, momentum and energy (heat), respec-
tively, and n is electron/ion/impurity density (n,, n;,n;), v is the toroidal flow velocity,
and T'is the electron/ion temperature (7, 7}), respectively. In the turbulent transport, the
amplitude and phase of the turbulence of potential, density, flow velocity, and electron/
ion temperature (69, 6n,, 6V, 6T,, and 6T;) are mainly determined by the gradients
of density, flow velocity, and electron/ion temperature (Vn,, VV,, VT,, and VT)). The
gradient and turbulence determine the particle flux, toroidal momentum flux, and elec-
tron/ion heat fluxes (I', Py, Q,, and Q,). The radial fluxes are balanced to the volume
integrated particle source (fueling), momentum source (torque input), and heat source
(heating) in the steady-state. These sources are externally given in the confined plasma.
Therefore, both gradient and turbulence are determined consistently by the magnitude
of these sources, such as fueling, torque input, and heating power.

As seen in Fig. 1, gradient, turbulence, and radial flux, balanced to the source, make
a loop. When there is no radial interaction, these quantities are determined locally by
Fick‘s law, and the transport is called local transport. The particle flux, momentum
flux, and heat flux are expressed by the so-called transport matrix as

I'(py) n(py)
Py(p) | = =MV vy(p) | )
0(py) T(p,)

local transport
(local closure by Fick’s Law)

,—»| Vi, VVy, VT, VT, | 80, 8n,, 8T,, 8T, [~ Py Qu Qi [

P=p No interaction

,—>| Vi, VV,, VT, VT, | 80, on,, 8T, 3T; |—-| T, Py Qe Qi [

pP=p2

non-local transport
(Violation of local closure by the breakdown of Fick’s Law )

‘—>| Vn, VV, VT, VT,| |30, 8n, 8T, 8T, —|

P=p1
radial interaction

‘—»| Vn, VV, VT, VT| |8®,8n, 8T, 8T [ Py Qe Q; —|

pP=p2

Fig. 1 Diagram of local and non-local transport
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The radial fluxes are determined uniquely by the gradients, and there is no hysteresis
in the gradient—flux relation for the perturbation. That is I'(p,), P,(p;), O(p,) are
independent from Vn,(p,), VV,(p,), VT (py).

In contrast, when there is radial interaction between two loops at different radii,
Fick‘s law is the breakdown (Hahm and Diamond 2018). These quantities are not
determined locally due to the violation of local closure, and the transport is called
non-local transport. In the non-local transport, the magnitude of radial fluxes may
have two values for the given gradient depending on the turbulence nearby, and hys-
teresis in the gradient—flux relation appears for the perturbation.

2.2 Hysteresis of gradient-flux relation

The non-local transport is one of the physical mechanisms of transport hysteresis in
gradient—flux relation, as seen in Fig. 2. The gradient—flux relation of heat transport
is determined by the so-called hidden parameters as well as gradients. Therefore,
there are multiple gradient—flux relations (transport curves) depending on the value
of hidden parameters (p,, pg, and p.). The gradient of off-diagonal terms (e.g., den-
sity gradient or flow velocity shear in the heat transport) are standard hidden param-
eters. The other well-known hidden parameters are magnetic shear and radial elec-
tric field that is not explicitly included in the element of the transport matrix. There
are two types of transport curves, one is without offset (i.e., zero y-interception),
as seen in Fig. 2, and the other is with finite offset (i.e., non-zero y-interception).
The y-intercept of the transport curve corresponds to the non-diffusive term of trans-
port. Although the non-diffusive term of heat transport is small, the non-diffusive
term of momentum and particle transport is large enough to provide a significant
radial flux even for zero gradient. For example, the radial momentum flux driven
by intrinsic torque and radial particle flux driven by convection is the well-known

Local transport Non-local transport
local closure by Fick’s Law Violation of local closure by the breakdown of Fick’s Law
heating Heating on/off

T l Het ﬂux. is T 1 dT/dp, 1 | Het flux' is NOT
proportional to Temperature proportional to

Temperature gradient P gradient

1Qr)=y (dT/dp;) iQ(r) Ay (dT/dp,)
(4 P
P1 Plasma radius P2 P1 Plasma radius
Hear flux Heat flux has unique ' P=Pa Heat flux have two

Hear flux values for heating on

value for given gradient / P =P8
/ and off phase

s P=Pc
td

dT/dp, |

dT/dp, T, H / Hysteresis
appears at p=p,
dT/dp L L dT/dp
Temperature gradient Temperature gradient

Fig.2 Physics mechanism of hysteresis in gradient—flux relation
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non-diffusive term of transport. The bifurcation of transport reveals itself as the
transition between two transport curves governed by the hidden variables. In heat
transport, the bifurcation is observed as the jump of the gradient. The bifurcation of
particle and momentum transports appears as a sign-flip of y-interception. When the
forward and backward transitions repeat, the gradient—flux relation also shows the
hysteresis characteristics. The most typical example of this hysteresis characteristic
is limit cycle oscillation due to the jump of a radial electric field in the plasma with
the heating power near the transition threshold.

The difference of hysteresis characteristics between local transport and non-local
transport is whether the hidden parameter is a local parameter or not. In the case of
hysteresis of local transport, the hidden parameters are local plasma parameters at
the location the same as the gradient of the x-axis of the transport curves. In contrast,
the hidden parameters of non-local transport hysteresis are the plasma parameters at
a location different from that of the x-axis of the transport curves. (e.g., edge tem-
perature for the core heat transport). In the steady state, it is impossible to find the
hidden parameter of non-local transport. Therefore, the transient phenomena, either
by the perturbation or by the transition, are necessary to identify non-local transport
hysteresis. The edge cooling by impurity injection and modulated core heating by
electron cyclotron heating (ECH) are typical examples of perturbation. The transi-
tion from low-confinement (L-mode) to improved mode (internal transport barrier
mode) is utilized to study non-local transport hysteresis.

3 Non-local phenomena

The nature and mechanism of non-local transport are summarized in Fig. 3. The var-
ious observations have identified the existence of non-local transport. The core tem-
perature rise is the most common phenomenon, which reveals the non-local trans-
port by the hysteresis in gradient—flux relation. This phenomenon is characterized
by the spontaneous increase of core electron temperature after the transient edge
cooling propagates inward from the plasma edge as a cold pulse.

The edge cooling has been produced by pellet injection or supersonic molecu-
lar beam injection (SMBI) in various toroidal plasmas (Gentle et al. 1995; Mantica
et al. 1999; Tamura et al. 2005, 2007, 2010; Rice et al. 2013; Rodriguez-Fernandez
et al. 2018). The modulation ECH is also a common technique to measure the hys-
teresis in gradient—flux relation at the mid-radius where there is no heat deposition
(Stroth et al. 1996; Gentle et al. 2006; Inagaki et al. 2013). The heat flux starts to
increase before the increase of temperature gradient after the ECH is turned on. In
contrast, the heat flux starts to decrease before the decrease of temperature gradi-
ent after the ECH is turned off. Then, the heat flux in the time period for the ECH
on-phase becomes larger than that in the time period for the ECH off-phase for the
given temperature gradient. The heat flux at mid-radius increases due to the increase
of temperature gradient near the plasma center not due to the increase of tempera-
ture gradient at mid-radius. This hysteresis clearly shows a coupling of heat flux
at the mid-radius and temperature gradient near the plasma center, which is clear
evidence of non-local transport. The abrupt spontaneous increase of temperature

@ Springer



2 Page 6 of 37 Reviews of Modern Plasma Physics (2022) 6:2

Table of nature and mechanism of Non-local transport

Transient transport experiment

Technique Cold pulse by Modulation Transport barrier
pellet or SMBI ECH formation
Observation Core temperature rise HystF: resis of . See-saw transport
gradient-flux relation

Mechanism

Propagation Avalanche Turbulence spreading Gradient propagation

Mediator Zonal flow Macro/meso MHD instability

turbulence
Impact of Nonlocal transport
[]
. Transport barrier Turbulence in Turbulence in

Structure formation formation magnetic island SOL

Fig. 3 Table of nature and mechanism of non-local transport

gradient at the mid-radius is called an internal transport barrier (ITB) formation.
The non-local transport is also observed in the transient phase at the ITB forma-
tion. After the formation of ITB, the thermal diffusivity coefficient decreases inside
the ITB region but increases outside the ITB region. This simultaneous decrease/
increase of the thermal diffusivity coefficient is called see-saw transport.

In the mechanism causing the non-local transport, there are various types of
propagation and types of mediators of radial interaction of turbulence. Turbulence
spreading is a nonlinear coupling of fluctuation energy that redistributes the turbu-
lence intensity field away from the regions where it is exciting (Lin and Hahm 2004;
Gurucan et al. 2005). Avalanche is a ballistic front propagation of turbulence and
gradient in the radial direction due to a strong nonlinearity of the growth rate of the
micro-scale turbulence. Since the turbulence and gradient can be radially coupled at
a distance much larger than the turbulence correlation length, this is categorized as
turbulence spreading. The other radial propagation is due to the gradient propaga-
tion through the transient change in radial flux, which is an approach to explain the
non-local phenomenon by the local transport model. There are various candidates
for the mediator causing the radial interaction of micro-scale turbulence. Zonal flow
is mesoscale shear flows driven by nonlinear interactions through energy transfer
from micro-scale drift waves. Because of the energy transfer to and from the micro-
scale turbulence, zonal flow can be one of the candidates for the mediator of turbu-
lence coupling between two locations in the mesoscale. Macro-scale or mesoscale
turbulence can also be a candidate for the mediator through the energy transfer by
nonlinear interactions. Macro-scale or mesoscale MHD instability is another can-
didate for the mediator because of the interaction between MHD and micro-scale
turbulence (Choi et al. 2021).
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Although the non-local transport is identified only in the transient phase, it
strongly impacts the structure formation in the steady state. Since the turbulence
is strongly suppressed in the ITB region, this is considered to be a linearly stable
region. Then the turbulence spreading into the linearly stable regions (ITB ones)
becomes crucial to determine the sharpness of the boundary between L.-mode and
the ITB region, which is known as the ITB foot. Since the magnetic island and
scrape-off layer (SOL) are also linearly stable regions, the turbulence spreading into
the magnetic island and SOL is a crucial issue. The turbulence spreading into the
magnetic island strongly impacts the transport bifurcation inside the magnetic island
(Ida et al. 2015b; Hahm et al. 2021). The turbulence spreading into SOL contributes
to the enhancement of turbulence in the diverter leg and reduces the peak heat load
at the diverter plate.

3.1 Core temperature rise by edge cooling

A core temperature rise by edge cooling is a non-local phenomenon identified in the
experiment. The small amount of solid carbon performed the edge cooling as per-
ylene in the Texas Experimental Tokamak (TEXT) or polystyrene in the Large Heli-
cal Device (LHD) injected into the plasma edge. In the LHD, the Tracer-Encapsu-
lated Solid Pellet (TESPEL) system has been developed for impurity transport study.
The TESPEL consists of polystyrene —-CH(C6H5)CH2- as an outer shell and impu-
rities as an inner core as a tracer. The TESPEL without tracer impurity was used for
the non-local transport experiment.

Figure 4 shows the experimental results of the non-local transport experiment in
tokamak and helical plasmas. The carbon injection causes a sharp drop of electron
temperature near the plasma edge at p = 0.84 in TEXT. The electron temperature
starts to decrease in the region of the outer half of the minor plasma radius (p > 0.5)
by the cold pulse propagation to the inner area (Fig. 4a). In contrast, the electron
temperature increases in the region of the inner half of the minor plasma radius
(p < 0.5). This increase is due to the confinement improvement (reducing heat trans-
port) because the heating power is constant in time. The radial profiles of electron
thermal diffusivity that reproduce the time evolution of electron temperature meas-
ured are also plotted in Fig. 4b. Just after the cooling of the edge (r = 0.2, 1.0 ms)
the electron thermal diffusivity increases transiently near the plasma edge (p > 0.8)
but decreases in the plasma core region (0.3 < p < 0.7). The decrease of thermal
diffusivity in the core region becomes more significant later ( = 2.0 ms), and the
reduction of electron heat transport remains longer (up to 8 ms).

A similar phenomenon was observed in the LHD, where there is no toroidal
plasma current as seen in Fig. 4c, d, The observation of non-local phenomena in
both tokamak and helical plasma shows that a core temperature rise by edge cooling
is a universal phenomenon in toroidal plasma, not attributed to the plasma current
in the tokamak. The time scale of this transient phenomena in the LHD is much
longer than that in the TEXT due to the longer confinement time (larger plasma
minor radius) in LHD. The core temperature rise by cooling the edge and reduc-
tion of electron thermal diffusivity near the plasma center (p = 0.19) remains up to
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Fig.4 a Time evolution electron temperature and b radial profile of electron thermal diffusivity in TEXT
and time evolution of ¢ the increment of electron temperature, (d) electron thermal diffusivity, and e gra-
dient—flux relation of electron heat transport in LHD [from Figs. 2, 3 in (Gentle et al. 1995) and Fig. 2 in
(Tamura et al. 2005)]

50-60 ms. Interestingly, the increase of electron temperature near the plasma center
(p = 0.19) has a time delay of 5 ms. The transient change in heat transport is more
clearly observed in the gradient—flux relation as hysteresis rather than the reduction
of heat diffusivity (the ratio of heat flux to the temperature gradient). As seen in the
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gradient—flux relation plotted (only transient changes of gradient and flux are plot-
ted) in Fig. 4e, the decrease of thermal diffusivity in the earlier phase is due to heat
flux reduction. In contrast, the further reduction of thermal diffusivity in the later
stage up to timing B is due to the gradient increase. It should be noted that there are
two stages even in the continuous decreasing phase of the thermal diffusivity phase.
There are also two stages in the increasing phase (decay phase) of thermal diffusiv-
ity. The increase of thermal diffusivity is due to the increase of heat flux in the ear-
lier stage and decreased temperature gradient in the later stage.

Various models are proposed to explain the non-local phenomena triggered by
a cold pulse (del-Castillo-Negrete et al. 2005; Hariri et al. 2016; Fernandez et al.
2018). The trapped gyro-Landau fluid model, which contains a rule for turbulence
saturation (TGLF-SAT1), was applied to model the cold pulse experiment in the
Alcator C-mod laser blow-off experiment. In this experiment, density gradient prop-
agates from the plasma edge to core after the laser blow-off. Figure 5 shows the
time evolution of radial profiles of electron density and simulation results of electron
and ion temperature during the density gradient propagation (Fernandez et al. 2018).
Figure 5a shows that the density gradient peaked with a monotonic negative gradi-
ent before the density perturbation (r = 0 ms). After the Laser blow-off, the density

1.00 | t 10.0
4 0.75} o
g g
g =
=) — 0ms 2
0.50f — 5.0ms o
$ — 10.0 / g
= e 1 G } % TS (Expt.), 0 ms . - o
— 20.0 ms TS (Expt.), 10 ms rad
0.25) __ Sc0me I I TS (Expt), 30 ms 12.5
— 30.0 ms
0-00=535 0.45 0.55 0.65 0.75 085 0
PN
300 - T - T T T
Small increase
recovered
& 10F 100 | y ()
= S
~ O )
= Fast rise = _sof ]
< recovered <
=150 - pN=0.37“ pN=0'36
p=0.81 p=0.78
-300 - L L L L L L L —200 Bty ! ! L ! . NS
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Time (ms) Time (ms)

Fig.5 a Radial profile of electron density and radiative sink, b time evolution of response of electron
temperature at p = 0.37,0.81 and ¢ ion temperature at p = 0.36,0.78 (from Figs. 2 and 4 in (Fernandez
et al. 2018))
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profile was significantly modified from peaked to hollow. The negative density gra-
dient in the core (p < 0.5) becomes weak and density gradient in the outer region
(0.6 < p < 0.8) becomes positive transiently. The change in density gradient has a
significant impact on the trapped electron mode (TEM) turbulence and ion tempera-
ture gradient (ITG) driven turbulence.

Figure 5b, c shows the time evolution of electron and ion temperature in the core
(p =0.37 and 0.36) and near the edge (p = 0.81 and 0.78) simulated by TGLF-
SAT1 code. Interestingly, the change in density gradient has the opposite impact on
electron and ion heat transport. The edge electron temperature drops sharply, and
the core electron temperature gradually increases as the negative density gradient
becomes weak in the later phase (+ = 10-30 ms). In contrast, the edge ion tempera-
ture increases rapidly and continues to increase up to 20 ms. The core ion tempera-
ture decreases up to 30 ms and there is only a slight increase at the recovery phase.
Rodriguez—Fernandez claims that the core electron temperature rises by edge cool-
ing can be explained without a non-locality.

Non-local temperature rise in the ion heat transport has been reported both in
tokamak and helical plasmas. Figure 6 shows the core ion temperature rise observed
in the Alto Campo Toro C modification (Alcator C-mod) and the LHD. Cold pulses
were achieved by the rapid edge cooling following CaF2 injection from a multi-
pulse laser blow-off system in the Alcator C-mod and repetitive hydrogen pellet in
the LHD. Non-local temperature rise appears in the low-density regime below the
critical density for the transition from Linear ohmic confinement (LOC) to satu-
rated ohmic confinement (SOC), as seen in Fig. 6a. Electron and ion temperatures
increase in the core (p = 0.36 and 0.1) associated with the temperature drop near
the plasma edge (p = 0.86 and 0.67). Because of the difference in the time delay of
ion temperature rise of ion temperature and electron temperature, there is a period (

(a) Alcator C-mod )] LHD (c) LHD
_ 15F o, L5 T T T 3.0
R S o S " after pellet injection
< 2;7 electron density % 0.5 Totifog ~ 0.89 r p J
03 3 c’?,g , A . 25 [4.928 sec (+17ms)
ggjg‘;?ﬁ' v VJWWJ\\]W-{V\[V\A\AZ SISF T T T T T T . 5
020 T (086) l\w ] % 1.0 fud . F
8‘}%7 T =05k Teroo 7095 3 20
S 220 ] ;Z‘/ T T — A
RSl Al NW(‘{‘W‘{W 0 2.6 % s L
200 T (036) 1 =25 ra,, =045 o T
foanes YR I RTINS AT - I
osep - ~T10 T T T = r
S 060F— S LUE r t/a =1.07 E C
£ ossf 2 05 eff 99 1.0
i SRRl geeA e A i
b - 00 . . . tbefore
;ijggi 7,010 / o 29F " " ' E 5 tpellet injection
L N & 20— . a =036 [4.903 sec (-8ms)
i - =T15E L F“"’gg . E [
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Tt/ 299

Fig.6 a Time evolution of electron density, electron temperature at p = 0.86 and 0.36, ion temperature
at p = 0.67 and 0.10 in Alcator C-mod, and b time evolution of electron density, electron temperature at
p = 0.95 and 0.45, ion temperature at p = 1.07 and 0.26, and (c) radial profile of ion temperature before
and after the pellet injection in LHD [from figure 4 in (Rice et al. 2013)]
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t = 1.02- 1.03e s) that ion temperature increases but electron temperature decreases
in Alcator C-mod. This observation indicates that the radial coupling of the electron
scale turbulence is different from that of the ion scale. The non-local ion tempera-
ture rise was also observed in the LHD as seen in Fig. 6b. Electron and ion tempera-
tures increase in the core (p = 0.45 and 0.26) associated with the temperature drop
near the plasma edge (p = 0.95 and 1.07). In the LHD, no difference in the time
delay of ion temperature rise was observed. The region of ion temperature increase
is a relatively wide region of the plasma minor radius (r.¢/aq9 < 0.7) as seen in
Fig. 6 (c) The transient rise of ion temperature in the core observed in the Alcator
C-mod and LHD after the cold pulse contradicts the decrease of ion temperature in
the core, simulated after the density perturbation in Fig. Sc.

3.2 Hysteresis of gradient-flux relation induced by modulation ECH

Modulation ECH has been commonly used in the non-local transport study because
ECH provides a very localized perturbation in time and space. In this experiment,
the heat flux is evaluated from the volume integrated heating power and time deriva-
tive of plasma energy. The deposition of the healing power of ECH can be highly
localized near the plasma center. This is the great advantage in calculating the heat
flux for ECH on-phase and off-phase precisely free from the uncertainty of the depo-
sition profile at the mid-radius of the plasma.

Figure 7a shows the gradient flux relation of electron heat transport in the ECH
modulation experiment in DIII-D. In this experiment, the modulation ECH was
applied at p = 0.2 with 0.7 MW and the continuous ECH was applied at p = 0.3
with 0.6MW in the plasma of averaged density of 2.5 x 10'm —3. The hysteresis
of gradient flux relation (multiple solutions of feat flux for the given gradient) and
the jump pf heat flux at the switching of ECH is similar to that observed in Wendel-
stein 7 AS (Strorth et al., 1996). The jump of heat flux indicates that the difference
between (1) the time derivative of plasma kinetic energy and (2) the increment vol-
ume integrated power inside the magnetic flux surface of the given minor radius is
finite even if there is no change in gradient. In other words, the direct (not through
conventional local transport) impact of heating appears even in regions where there
is no deposition.

One candidate for the mechanism driving this direct impact is the thermodynami-
cal force in plasma phase space controlling turbulence (Itoh and Itoh 2012). This
model predicts the turbulence enhanced by the perturbation in phase space due to
the heating and enhancement of turbulence not relating to the local gradient. There-
fore, it is essential to study the behavior of turbulence in the ECH modulation exper-
iment. The crucial question is whether turbulence modulation matches the local
gradient phase at the given location. The turbulence behavior is investigated using
a reflectometer outside the ECH deposition region in the LHD. Figure 7b is the
modified gradient flux relation, where nonlinearity of temperature and temperature
gradient is taken into account with the power of @ and f. The hysteresis remains for
various sets of a and . However, when the x-axis is replaced with the product of
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Fig.7 a Gradient—flux relation of electron heat transport in DIII-D modulation ECH experiment and b,
¢ gradient—flux relation of electron heat transport in LHD modulation ECH experiment (from Fig. 9 in
[Gentle et al. 2006) and Figs. 8 and 11 in (Inagaki et al. 2013)]

turbulence intensity averaged over 20 to 80 kHz, temperature, and temperature gra-
dient, the hysteresis disappears with the different levels of ECH power.

3.3 See-saw transport

See-saw transport is characterized by the simultaneous reduction and enhancement
of transport at a different radius in the plasma. For example, the core confinement
improvement and edge confinement degradation or vice versa is typical see-saw
transport. Figure 8 shows the various examples of see-saw transport in tokamak
and helical plasmas. See-saw transport phenomena are also observed after the cold
pulse propagation, as seen in the radial profiles of electron temperature in Fig. 8a
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Fig. 8 a Radial profiles of electron temperature before and after could pulse in Alcator C-mod, b normal-
ized ion temperature gradient at p = 0.2 and 0.5 in HL-2A, ¢ contour of ion temperature, ion temperature
gradient, and ion thermal diffusivity, and d time evolution of ECRH and NBI power, ion temperature
gradient at rye; /agy = 0.31 and 0.98. (from Fig. 12 in (Rice et al. 2020), Fig. 8 in (Yu et al. 2016), Fig. 2
in (Kobayashi et al. 2019), and Fig. 4 in (Takahashi et al. 2017))

(Rice et al. 2020). The see-saw transport is often observed after the formation of
the internal transport barrier (ITB) (Ida et al. 2009a, b; Yu et al. 2016; Kobayashi
et al. 2019). Figure 8b shows the relation between the normalized ion temperature
gradient inside the ITG region (p = 0.2) and outside the ITB region (p = 0.5) in
Huan-Liuqi-2A (HL-2A). The normalized ion temperature gradients increase both
at p =0.2 and 0.5 before the formation of an ITB. The magnitude of normalized
ion temperature gradients at p = 0.2 is comparable to that at p = 0.5. However, the
simultaneous increase and decrease of normalized ion temperature gradients appear
when the normalized ion temperature gradient at p = 0.2 reaches a critical value of
~ 15. The normalized ion temperature gradients at p = 0.5 starts to decrease, while
the normalized ion temperature gradients at p = 0.2 keeps increasing. Then the
magnitude of normalized ion temperature gradients at p = 0.2 becomes ~ 7-8 times
larger than that at p = 0.5, which clearly indicates the formation of ion ITB.
Enhancement of transport outside the ITB region during the formation of the ITB
is also observed in the LHD, as seen in Fig. 8c. At the beginning of the ITB forma-
tion, the ion temperature profile becomes peaked, and the ion temperature gradient
near the plasma core (at p = 0.2— 0.3e) increases. The core ion thermal diffusiv-
ity decreases but edge ion thermal diffusivity increases in time. In the LHD, the
ITB is transient, and its region starts to shrink, and the region with enhanced trans-
port expands from the plasma edge to mid-radius, and finally, the ITB disappears.
The reduction of edge transport is observed in the plasma with ECH in the LHD,
as seen in Fig. 8d In this experiment, the ion temperature gradient near the plasma
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center (7.¢;/agy = 0.31) decreases during the ECH power step up and increases dur-
ing the ECH power step down. The change in ion temperature gradient is because
the increase of 7,/T; by ECH heating causes the enhancement of ion transport as
predicted by the characteristics of ITG turbulence. In contrast, the ion temperature
gradient near the plasma edge (7.¢¢/dq9 = 0.96) shows the behavior opposite to that
near the plasma center. This experiment is an excellent example of see-saw transport
for core confinement degradation and edge confinement improvement.

4 Non-local transport
4.1 Radial propagation

The fast propagation of gradient is the radial coupling (interaction) between two
separated (longer than the correlation length) locations which should involve some
process which is rigorously non-local. Figure 9 shows the non-local phenomena
due to the radial propagation of gradients. A local gradient of density, toroidal flow
velocity, and temperature determine the local particle, momentum, and heat flux in
the steady state. However, in the transient phase, these radial fluxes alter the down-
ward gradients. Therefore, the two loops at different radii can be coupled through
the radial fluxes in the transient phase. Rigorously speaking, the coupling is not
local transport because there is radial interaction of turbulence at a different radius.
This coupling can cause non-local phenomena by local transport.

There are two typical radial propagations. One is the upstream propagation by
increasing density at the plasma edge, triggered by the supersonic molecular beam
injection (SMBI) and shallow pellet injection. The radial propagation is relatively
slow with the time scale of confinement time. The other is the fast downstream prop-
agation, so-called avalanche transport. Avalanche transport is characterized by the
simultaneous radial propagation of a sharp gradient above the critical gradient and
turbulence clouds. The propagation time scale is much shorter than the confinement
time, and radial extension is much larger than the correlation length of the turbu-
lence. Therefore, avalanche transport is local transport in the microscopic view but
non-local transport in the macroscopic view.

The fluctuation intensity / normalized to the kinetic energy density at diamag-
netic drift velocity v,,) is given by (Hahm et al. 2004)

(%1 =y, (A — yy I* + DO%I%L )
Here, A = VT,/T denotes the temperature gradient, D, is the turbulent diffusion
coefficient, y and y,, are the linear growth rate and nonlinear damping rate, respec-
tively. Figure 10 shows the time evolution of the temperature without turbulence
spreading (Dy/ = 0) and with turbulence spreading (D, = 1) (Hariri et al. 2016).
The cold pulse is initiated at time ¢t = 0 by reducing the boundary value for the tem-
perature by 20%. The fast inward propagation of the cold pulse is visible in the outer
plasma region. Cold pulse propagation slows somewhat toward the plasma center,
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and the central temperature begins to drop after a few time units. In contrast, the
central temperature increases after a few time units, which is called reversal of the
cold pulse when turbulence is spreading (Dy/ = 1). In this simulation, no reversal
of the cold pulse is observed in the absence of turbulence spreading (Dl = 0).
This simulation demonstrates that turbulence spreading is necessary to reproduce
the transient temperature rise in the cold pulse experiment. The non-local simula-
tion predicts the transient temperature rise both in ion and in electron temperature.
However, the local transport simulation described in Fig. 5 predicts the temperature
rise only in electron temperature and ion temperature even decreases after the edge
cooling by the cold pulse. Therefore, the temperature rises both in electron and ion
temperature observed in the Alcator C-mod and LHD in Fig. 6 are clear evidence for
the existence of non-local transport. Although the propagating non-local phenom-
ena such as a cold pulse experiment can be explained by the radial propagation of
fluctuation intensity 7, the global non-local phenomena such as see-saw phenomena
would need another mechanism.

4.1.1 Avalanche

An avalanche is the transport process caused by discrete, intermittent, and uncorre-
lated events and differs from so-called diffusive transport caused by smooth, steady,
and correlated turbulence. Although the avalanche is a different class of processes
that can contribute to transport, it is not easy to distinguish it from the diffusion pro-
cess in an experiment. This is because the turbulence study based on the frequency
domain requires a time window much larger than the time scale of the avalanche.
The avalanche event appears as turbulence with a broadband spectrum in the fast
Fourier transform (FFT) analysis, which is usually applied to improve the signal-
to-noise ratio. Therefore, the avalanche is masked by the usual turbulence unless
the avalanche amplitude significantly exceeds the levels of smooth and steady turbu-
lence (Kin et al. 2021).

Figure 11a shows an example of an avalanche event of electron temperature
observed in ECE measurements in DIII-D tokamak (Politzer et al. 2002). Here, each
curve is displaced vertically by an amount proportional to the normalized minor
radius for that channel, as indicated by the left ordinate scale. It is not easy to detect
avalanche events from a single curve because the amplitude of avalanche is com-
parable to the amplitude of turbulence. The avalanche events can be detected from
the radial propagation of temperature perturbation. The highlighted bands indicate
examples of avalanche events, and the radial velocity of this event is ~ 300 m/s.

The wavelet analysis was applied to ECE data to evaluate the radial velocity
of avalanche events. Figure 11b shows the radial velocity as a function of radial
position (p) and the time scale of wavelet analysis. The avalanche events with
a shorter time scale (high-frequency event) propagate faster than the avalanche
events with a longer time scale (low-frequency event). The positive radial speed
stands for the outward propagation of avalanche events, and the negative radial
speed stands for the inward propagation. Interestingly, the inward propagation
appears near the plasma center (p < 0.2), and its radial speed is smaller than the
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Fig. 11 a Time evolution of normalized electron temperature fluctuation and b radial velocity of ava-
lanche events in unit of m/s and ¢ time evolution of density fluctuation level at channel 1 and 2 separated
by 6p = 0.05 and d radial profiles of radial propagation velocity of density fluctuation. (from Figs. 4
and 11 in (Politzer et al. 2002) and from Figs. 4a and 5 in (Estrada et al. 2011a))

radial speed of outward propagation. The avalanche events originated at p = 0.2
have bi-direction propagation both outward and inward.

Figure 1lc, d shows time evolution of the density fluctuation level at chan-
nel 1 and channel 2 separated by 6p = 0.05 (p = 0.75 and 0.8) and radial pro-
files of radial propagation velocity of the density fluctuation. Here the positive
velocity stands for outward propagation, and negative velocity stands for inward
propagation. The outward propagation velocity decreases as the E X B shear loca-
tion (at p = 0.82) is approached. Inward propagation velocities are represented
using small symbols (in blue). The striped area indicates the radial location of
the E X B shear. The outward propagation velocity observed in this experiment
is 50-200 m/s and comparable to the propagation of temperature perturbation
observed in the DIII-D experiment. The flip of a sign of radial propagation direc-
tion of the density fluctuation is due to the transitioning role of the boundary
between a suppressor (for the outward propagation case in a low-density regime)
and a source (for the inward propagation case in a high-density regime). The
increased density gradient may cause a transition of dominant micro-instabilities,
which have different damping/driving mechanisms and effects on transport. This
would be quite an interesting result because it de monstrates that the pedestal can
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be a source of turbulence spreading due to the steep pressure gradient and can be
a sink of turbulence spreading due to the E X B shear. The inward propagation of
density fluctuation and steep density gradient is observed in the limit cycle oscil-
lation (LCO) that precedes an L-to-H transition (Kobayashi et al. 2013, 2014).
This experiment would be another example of the plasma periphery region being
a source of turbulence until the E X B shear becomes large enough to suppress the
turbulence produced in the pedestal region.

The avalanche events observed in the experiment described above are character-
ized by the transient localized increase of temperature (67 > 0). More recently, the
pair creation of bump (67 > 0) and void (67 < 0) has been experimentally identi-
fied in the KSTAR (Choi et al. 2019). After the pair creation, the void propagates
inward, while the bump propagates outward. The bi-directional radial propagation
of a void and a bump are attributed to the joint reflection symmetry in a self-organ-
ized critical system (Diamond and Hahm 1995), which is a different mechanism
of the avalanche. The bi-directional radial propagation of the void and the bump is
predicted by gyrokinetic full-f simulation, as seen in Fig. 12 (Kikuchi and Azumi
2012). The simulation reproduces the discrete, intermittent, radial propagation of the
ion heat diffusivity (or ion temperature gradient) and radial electric field in a time
scale much smaller than the ion-ion collision time (z;;). The simulation results show
the bi-direction (outward and inward) propagation of temperature gradient and radial
electric field (E,) shear from the normalized minor radius, #/a, of 0.6 (Idomura
et al. 2009; Jolliet and Idomura 2012). The propagation direction of avalanches is
changed depending on the sign of E, shear. In this simulation E, shear is negative
(dE,/dr < 0) atr/a < 0.6 and positive (dE,/dr > 0) atr/a > 0.6.

Since the radial electric field, E,, (and E, shear) is correlated with the tempera-
ture gradient (and the second derivative of temperature), the propagation of E, shear
is accompanied by the propagation of bump with a negative second derivative and
void with a positive second derivative. As illustrated in Fig. 12b, the bi-directional
propagation of temperature perturbation can be understood as the bump and void
propagations driven by the front with a large temperature gradient (d7°/dr) above
the critical value where the turbulence is nonlinearly excited. Since many avalanche

dEr/dr<0 dEr/dr>0

Fig. 12 a The spatio-temporal evolutions of the ion heat diffusivity calculated by Gyrokinetic full-f simu-
lation for positive E, shear and negative E, shear region and b bump and void avalanches near marginal
stability (from figure 60 and figure 62 in (Kikuchi and Azumi 2012))
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events (~10?) occur within the ion-ion collision time, the macroscopic effect of ava-
lanche events is usually observed in experiment.

4.2 Mediator

The role of the mediator of turbulence in non-local phenomena is illustrated in
Fig. 13. The mediator of turbulence is crucial to understand the non-local phenom-
ena because the correlation length of micro-turbulence is too short to cause the
radial coupling of turbulence. The mediator should have a long correlation and non-
linear interaction with micro-turbulence. The energy transfer from micro-turbulence
to the mediator at one location and from the mediator to micro-turbulence at a dif-
ferent location is essential for radial coupling. The candidates for the mediator of
turbulence are meso/macro-scale turbulence, MHD fluctuation, and zonal flow.

It is difficult to distinguish the turbulence driven by a non-local mediator from the
locally driven turbulence in a steady-state condition. Therefore, the cross bi-coher-
ence between the fluctuation of the mediator with low-frequency and high-frequency
turbulence is experimental evidence of a non-local mediator. The experimental
results of bi-coherence for macro-scale (long-range) fluctuations, MHD instabil-
ity, and a zonal flow non-local mediator are summarized in Fig. 14. Figure 14a, b

Non-local phenomena by mediator of turbulence
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Fig. 13 Non-local phenomena by mediator of turbulence
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Fig. 14 a Cross-bi-coherence between density and temperature fluctuations, b total cross bi-coherence
for fixed f; for long-range fluctuations, ¢ cross bi-coherence, d total bi-coherence for MHD instability,
e auto bi-coherence during biasing (1125 < ¢ < 1150 ms) and f total bi-coherence during and after bias-
ing (1175 < ¢ < 1200 ms) for zonal flow (from Fig. 4 in (Inagaki et al. 2011) and Fig. 4 in (Inagaki et al.
2012a), from Fig. 5d, h in (Chen et al. 2016), from Figs. 4 and 5 in (van Milligen et al. 2008))

shows cross bi-coherence between density and temperature fluctuations, total cross
bi-coherence for fixed f; for long-range fluctuations in the ECH heated plasma in the
LHD (Inagaki et al. 2011). The existence of the cross bi-coherence between macro-
scale fluctuation (1.7 kHz) and micro-scale density fluctuation (< 100 kHz) also
supports that the macro-scale fluctuation plays the role of a non-local mediator. Fig-
ure 14(c)(d) shows cross bi-coherence between temperature fluctuations and mag-
netic field fluctuations driven by fishbone MHD instability in HL-2A (Chen et al.
2016). The clear frequency peak of the cross bi-coherence spectrum was observed
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with a fishbone frequency at ~ 20 kHz. Figure 14e, f shows auto bi-coherence dur-
ing biasing (1125 < ¢ < 1150 ms) and total bi-coherence during and after biasing
(1175 < t < 1200 ms) measured with a Langmuir probe in the TJ-II stellarator (van
Milligen et al. 2008). Bi-coherence with a peak of low frequency around 10 kHz was
observed. (This low frequency is not well resolved in this figure, but it is deduced
from a high-resolution Fourier spectrum, calculated in the biasing time interval).
The biasing produces a sharp increase in coherence between E, and E, in the fre-
quency range 100 < f < 250 kHz and also at a low frequency (possibly related to the
shear or zonal flow frequency).

Bi-coherence analysis was applied for three waves with the frequency of f,,f,. /5
(Inagaki et al. 2012a) with a matching condition of f; +f, = f;. The bi-coherence
analysis is widely used to study the nonlinear interaction between two waves. Since
the temperature fluctuation with a high-frequency region is dominated by noise, it is
difficult to identify nonlinear interactions between the long-range and microscopic
fluctuations by auto bi-spectrum analysis. The cross bi-coherence between temper-
ature and density (1-100 kHz) measured with a reflectometer was analyzed. The
clear frequency peak of the cross bi-coherence spectrum was observed at 1.7 kHz.
Since the ensemble (N) is limited in the experiment, the convergence study was also
applied to cross bi-coherence analysis (Nagashima et al. 2006). In the convergence
study, the finite cross bi-coherence value at N — oo is checked. If the cross bi-coher-
ence is dominated by noise, the bi-coherence value for N — oo becomes zero. The
cross bi-coherence value for f; = 1.7 kHz has clear finite value at 1/N=0. These
results are clear evidence for the nonlinear coupling between the long-range fluc-
tuations and the microscopic fluctuations. Although the macro-scale fluctuation has
only a small contribution to the enhancement of radial flux due to the low frequency,
it can play an important role in the energy transfer between the micro-scale turbu-
lence at a different location and can be a main player for non-local transport (Inagaki
et al. 2014).

4.2.1 Macro-scale turbulence

Macro-scale electron temperature fluctuation observed in the LHD has a long-dis-
tance radial correlation (Inagaki et al. 2011; Xu et al. 2011; Inagaki et al. 2012a,
b). This macro-scale fluctuation plays the role of mediator of two micro-scale tur-
bulence excited at different plasma radii. Figure 15a—e shows the time evolution
of low-frequency electron temperature fluctuation with long-range correlation
(p = 0.12-0.58e). The radial correlation length is comparable to the minor plasma
radius. The frequency of this temperature fluctuation is ~ 1-3 kHz, which was previ-
ously considered to be MHD oscillation. However, this temperature fluctuation has
various characteristics different from the usual MHD oscillation. It has a phase delay
in the radial direction, which indicates the spiral structure of fluctuation. The ampli-
tude of the magnetic field is much smaller than that predicted by the displacement of
the magnetic flux surface, evaluated from temperature fluctuation and temperature
gradient.

Figure 15f—i shows modulated ECH power, a conditional averaged temperature
gradient, the amplitude of long-range density fluctuations (1.5-3.5¢ kHz), and the

@ Springer



2 Page 22 of 37 Reviews of Modern Plasma Physics (2022) 6:2

-lllllBalaMIIIIlllllll-
ég (é)vlflllll T

| N

A A A N
Y AVEWIVAVNPY L R
PR TR TR W N TR S =

0 0.01 0.02
t-t,(s)

Fig. 15 a-e Time evolution of electron temperature fluctuation (red line) and low-pass filtered (< 3.5
kHz) signal (black line) at abrupt change of fluctuation amplitude. Time evolution of f heating power of
modulated ECH, g temperature gradient, h amplitude of long-range density fluctuations (1.5-3.5e kHz),
and i amplitude of micro-scale density fluctuations outside ECH deposition area at p = 0.63. (from fig-
ure 5 in (Inagaki et al. 2011) from Fig. 1a, e, g, h in (Inagaki et al. 2013))

amplitude of micro-scale density fluctuations (20-80 kHz) outside the ECH depo-
sition area at p = 0.63 in the LHD (Inagaki et al. 2013). The increase of density
fluctuation both for low and high frequency is rapid within 2 ms, but the rise of the
temperature gradient is slow (~ 20 ms) and delayed (~ 5 ms). Immediately after the
onset of the ECH pulse (2-5 ms), the density fluctuation levels are already high, but
the temperature gradient is still low. These results clearly show that a non-local pro-
cess drives these density fluctuations. An increase of micro-turbulence and macro-
scale electron temperature fluctuation outside the heat deposition area during the
modulation ECH observed strongly suggests that this macro-scale electron tempera-
ture fluctuation is a non-local mediator of micro-turbulence between the inside and
outside of the heat deposition area.
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The hysteresis observed in the gradient—flux relation of the plasma with modula-
tion ECH plotted in Fig. 7 can be interpreted by non-local transport by a mediator
of this macro scale turbulence. The jump of heat flux is interpreted as an increase
of heat flux before increasing the temperature gradient at the radius where heat
deposition is negligible. The abrupt increase of heat flux without an accompanying
increase of temperature gradient is due to enhanced turbulence, which is driven by
the dynamical force in plasma phase space (Itoh and Itoh 2012) inside the region (at
a smaller plasma radius, not at the radius of interest). The macro-scale turbulence
plays the role of mediator in transferring the micro-turbulence driven inside the
region to the outer area much faster than the heat pulse, which causes the increase of
temperature gradient in the outer area.

4.2.2 MHD instability

The experiment in HL-2A demonstrated a nonlinear coupling between the fishbone
and background turbulence (Chen et al. 2016). Then, MHD instability was also rec-
ognized as a candidate as a mediator of turbulence that causes non-local transport
phenomena. Figure 16 shows the time evolution of the electron temperature, 7,,
at p = 0.23 and 0.83, and the Mirnov signal, dB,/d¢, and its RMS, (6By), s The
Mirnov signal shows the repeated fishbone bursting. With the fishbone bursting and
core (p = 0.23) heating a simultaneous decrease in electron temperature is observed
at the plasma edge (p = 0.83). This simultaneous increase and decrease of tempera-
ture in the core and edge are see-saw phenomena, caused by non-local transport,
discussed in section 3.3.

Figure 16b, c shows the Lissajous figures in the space of change in electron tem-
perature, AT,/(T,), and root mean square (RMS) of the Mirnov signal (6B)rms-
The rotation directions of Lissajous figures at p = 0.30 are clockwise (CW), while
the rotation directions at p = 0.65 are counter clockwise (CCW). The opposite rota-
tion directions of Lissajous figures inside and outside the fishbone excited region
suggest that magnetic perturbations play a crucial role in non-local phenomena.

4.2.3 Zonal flow

Zonal flows are an azimuthally symmetric band like shear flows driven by drift wave
turbulence (Fujisawa 2009). It was experimentally identified using two heavy ion
beam probes (HIBP) in Compact Helical System (CHS) (Fujisawa et al. 2004). Anti-
correlation between fluctuation amplitude and zonal flow amplitude supports the
predator-prey model between the zonal flow and drift wave turbulence (Diamond
et al. 1994; Kim and Diamond 2003; Diamond 2011). The predator-prey model was
experimentally confirmed in the experiment (Itoh et al. 2007). Zonal flow is another
candidate for the mediator of turbulence. Zonal flow driven by drift wave turbulence
can suppress the drift wave turbulence. In other words, zonal flow grows, extracting
energy from microscopic fluctuations to reduce turbulence and turbulent transport.
Since the radial correlation length of zonal flow is longer than that for microscopic
fluctuations, it can suppress fluctuations at a different radius, via induction of the
zonal flow (Itoh et al. 2009).
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Mechanism for non-local transport nature MHD
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Fig. 16 a Time evolution of electron temperature at p = 0.23 and 0.83, and Mirnov signal and its RMS,
and b, ¢ Lissajous figures between the change in normalized electron temperature and RMS of the
Mirnov signal at p = 0.30 and 0.65 (from Figs. 3 and 4 in (Chen et al. 2016))

The absolute rates of nonlinear energy transfer among broadband turbulence, low-
frequency zonal flows (ZFs) and geodesic acoustic modes (GAMs) were measured
in HL-2A (Xu et. a., 2012). Figure 17a and b shows the auto-spectra of potential and
perpendicular velocity fluctuations, respectively, at a position ~ 2.5 cm inside the
LCFS. As the ECH power increases from 0 to 730 kW, low-frequency zonal flow
(frequency f < 1 —2 kHz) significantly grows, while the amplitude of Geodesic
Acoustic Mode (GAMs) with a peak frequency of 10 kHz is almost unchanged. This
measurement indicates that much stronger zonal flow, especially the low-frequency
type, developed as the temperature gradient increased. Figure 17c and d shows non-
linear kinetic energy transfer rates and effective growth rates. Although most of the
turbulent kinetic energy is transferred to the large-scale shear flows, the turbulent
energy with intermediate frequencies is also nonlinearly transferred to fluctuations

@ Springer



Reviews of Modern Plasma Physics (2022) 6:2 Page 25 of 37 2

100.000 0 ax10M '
i i
I£ 10.000¢ ? 2x1o13
% 1.000} Ng =
Nt O .7
o, 0.100¢ ~ . @ --0--0260kW
_2x10 L Ake——d——A 380kW
® 0.010¢ S: +—+—530kW
0.004, . . S _axignt© .
£10' 1x10° '
N 9
?m 10 7’; 5x10*
NV) 108 ~—
§ 0
L 107 ) bt OKW P
s 408t E —-5x10* :t:jf 260kw
1.51 b *+—— 530kW
= el ; —1x10°H@) .
0.1 1.0 10.0 100.0 1 10 100
Frequency (kHz) Frequency (kHz)

Fig. 17 Frequency spectrum of a potential fluctuation, b perpendicular velocity fluctuation, ¢ nonlinear
kinetic energy transfer rate, and d effective growth rate (from Fig. 2 in (Xu et al. 2012))

with higher frequencies (f > 80 kHz). This observation strongly supports the theo-
retical model of energy transfer between turbulence and zonal flow, essential for the
mediator of turbulence to explain the non-local phenomena.

5 Impact of non-local transport

Non-local transport is essential to understand non-local phenomena at the transient
phase in toroidal plasmas. However, non-local transport also has a substantial impact
on structure formation (radial profile) in a steady state. The mechanism of non-local
transport always exists in the plasma, both in the transient and steady-state phases.

Nonlinear coupling between micro-turbulence and meso-(or macro) turbulence
causes turbulence spreading. The structure formation (density, temperature profiles)
is strongly influenced by the turbulence spreading.

The examples of the structure formation are illustrated in Fig. 18. The turbulence
spreading from the region outside ITB to the area inside ITB determines the sharp-
ness of the ITB foot. The corrugation (so-called staircase) is a unique and interest-
ing structure formation in toroidal plasmas. The turbulence spreading would be an
important mechanism to determine the radial structure. The turbulence spreading
would also be essential inside the magnetic island because no turbulence is excited
inside the magnetic island due to the flattening of temperature and density. The
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Impact of turbulence spreading on steady-state profile
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Fig. 18 Impact of turbulence spreading on steady-state profile

scrape-off layer (SOL) is also the region where no turbulence is excited, and spread-
ing turbulence is dominant similar to the magnetic island.

5.1 Turbulence spreading into the ITB region

The internal transport barrier (ITB) is characterized by the radial temperature
profile with a sharp gradient region, which appears in interior plasma (Ida and
Fujita 2018a). In the ITB region, the turbulence is strongly suppressed (stable
region), while the turbulence is enhanced (unstable region), outside the ITB
region. As seen in Fig. 19, the micro-scale turbulence in the unstable region
spreads into the stable region through the nonlinear coupling with mesoscale and
macro-scale turbulence (Hahm et al. 2004; Giircan and Diamond 2006; Hahm and
Diamond 2018). When the turbulence is spreading weakly, the ITB has disconti-
nuity of gradient, a so-called ITB foot. In contrast, this discontinuity disappears,
and the ITB foot becomes unclear when the turbulence spreading becomes strong.
Once the turbulence spreading occurs, the discontinuity of gradient (i.e. the sec-
ond derivative of temperature) becomes weak and the E X B shear also becomes
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Fig. 19 a Diagram of turbulence spreading by nonlinear mode couplings and radial profiles of b ion tem-
perature and ¢ ion thermal diffusivity for weak concave ITB (# = 6.04— 6.09¢ s: time slice A) and strong
convex ITB (f = 6.24— 6.29¢ s: time slice B). (from Fig. 1 in (Giircan and Diamond 2006) and Fig. la
and Fig. 4 in (Ida et al. 2008))

weak. Since the E X B shear contributes to the block of turbulence spreading, fur-
ther instances of it occur. This feedback process causes the bifurcation of the ITB
structure with and without a clear foot point.

As seen in Fig. 19b, c, the bifurcation of the ITB structure was observed in
JT-60U (Ida et al. 2008). This is called curvature bifurcation of the ITB. One
is a concave ITB with a clear shoulder structure but no foot structure (¢t = 6.04
—6.09¢ s). The other is a convex ITB with a clear foot structure but no shoulder
structure (¢ = 6.24-6.29¢ s). The ITB structure alternates between a concave ITB
and a convex ITB for the steady-state heating condition. The concave ITB has
a gradual decrease of ion thermal diffusivity near the ITB foot, while the con-
vex ITB has a sharp drop of ion thermal diffusivity near the ITB foot. The decay
length is 34 times that of ion gyroradius (p;) for the concave ITB and 15 times
that of ion gyroradius for the concave ITB. The longer decay length indicates a
deeper penetration of turbulence due to the stronger turbulence spreading, con-
sistent with a larger coherence of the turbulence, measured just inside the ITB
region, with a separation of 14p; at time slice A.
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The other important mechanism determining the radial structure in the plasma
with the ITB is non-local transport by mediators. The most significant impact of
non-local transport by mediators is the core-edge coupling of transport, where the
core and edge transport changes simultaneously. This is observed as the enhance-
ment of edge transport when the core transport is reduced by the formation of
the ITB or as the reduction of edge transport when the increase of the 7, /T; ratio
enhances the core ion transport by applying ECH as discussed in Fig. 8.

5.2 Pressure corrugation with E X B staircase

The E X B staircase is a structure formation characterized by a spontaneously
formed, self-organizing pattern of quasi-regular, long-lived, localized E X B shear
flow (Dif-Pradalier et al. 2015, 2017; Qi et al. 2019). This coincides with long-lived
pressure corrugations and interacting avalanches, as illustrated in Fig. 20. Turbu-
lence spreading plays a crucial role in structure formation. Finite turbulence spread-
ing is necessary to smooth the staircase structure’s curvature at the corners of the
jump and step. However, the enhancement of turbulence spreading tends to wash
out the pattern (Guo et al. 2019). Mesoscale transport events, such as avalanches
or turbulence pulses (i.e., spreading), drive inhomogeneous mixing and transport
of potential vorticity. The inhomogeneous mixing produces corrugations and E X B
shear layer. This process is a mechanism for zonal profile corrugations and staircase
formation (Leconte and Kobayashi 2021).

(a) © |V”|
_/\_/\_/\_/\_ ExB shear
Step
Jump
(b)

Inhomogeneous Mixing

/_\

Corrugations

Avalanches

d sh '
Pulses anlayseriar 210 1 2 3 4 5
S~ log,,(1)
Local Barriers e . 0 ] T E—
a b c d

Fig.20 a E X B staircase and pressure profile, b diagram of local barrier formation by inhomogene-
ous mixing, and ¢ contour plot of the time evolution of density gradient at the condensation of staircase
structure. The horizontal axis is the log of time, and the vertical axis is the scaled radius. (from Fig. 1
and Fig. 4 in (Guo et al. 2019) and figure 59 in (Hahm and Diamond 2018) and Fig. 1 in (Ashourvan and
Diamond 2016))
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These corrugations contribute to the formation of local barriers and drive ava-
lanches or turbulence pulses, as seen in Fig. 20. Because of this feedback loop, a
spontaneous development of structure can cause a condensation of the staircase
structure (Ashourvan and Diamond 2016). Figure 20c is an example of staircase
structure condensation of electron density. The density staircase structure develops
into a lattice of mesoscale jumps and steps. The jumps then merge and migrate in
radius, leading to a new macro-scale profile structure. As seen in the time evolution
of density gradient in space, many corrugations are seen initially. Then, however,
these corrugations merge into each other and finally produce the macrostructure
with enhanced confinement.

5.3 Turbulence spreading into the magneticisland

A magnetic island is a closed magnetic flux surface bounded by a separatrix
(X-point), isolating it from the rest of the space. Since the radial heat flux perpen-
dicular to the magnetic flux surface flows through the X-point, the temperature pro-
file becomes almost flat (nearly zero temperature gradient) at the O-point of the
magnetic island in the steady state. The O-point of the magnetic island becomes a
stable region because the gradient is too small to generate turbulence. Therefore,
the turbulence observed inside the magnetic island should be not driven turbulence
but the spreading turbulence propagated from outside the magnetic island. It is an
interesting question where the turbulence spreading occurs around the boundary of
the magnetic island (X-point poloidal angle of O-point poloidal angle). The E X B
shear layer, which contributes to the block of turbulence spreading, is weak near the
X-point (Hahm et al. 2021). The X-point of the magnetic island is the possible root
for turbulence spreading.

The heat pulse propagation experiment using modulated ECH in DIII-D dem-
onstrates that the turbulence spreading occurs through the X-point of the magnetic
island. Figure 21 shows the radial profiles of normalized density fluctuation, mod-
ulation amplitude of density fluctuation, and the delay time of density fluctuation
modulation with respect to the temperature modulation (Ida et al. 2018b). Here posi-
tive delay time means that the temperature rise is earlier than fluctuation amplitude
rise, while minus delay means that the fluctuation amplitude rise occurs before the
temperature rise. The delay time is positive at the X-point but is negative in the outer
half of the magnetic island at the O-point poloidal angle. Since the turbulence level
at the O-point region is much lower than that at the X-point region, the heat pulse
gradually propagates from the boundary of the magnetic island to its O-point. The
time scale of this propagation is a few milliseconds to tens of milliseconds. This
negative delay time (the earlier arrival of the density fluctuation pulse) is definite
evidence for the turbulence spreading from the X-point to the O-point along the
poloidal direction.

The bifurcation phenomena due to the interplay between turbulence spreading
and the E X B shear layer can occur similarly to the case of the ITB foot discussed
in 5.1. Figure 21(c) shows the bifurcation of phenomena observed in the modulation
decay length of a heat pulse (Ida et al. 2015b). The modulation amplitude of the heat
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of electron temperature in space and time during the ¢ forward transition (from high accessibility to low
accessibility magnetic island) and d backward transition (from low accessibility to high accessibility
magnetic island) at O-point of magnetic island (from Figs. 2 and 3 in (Ida et al. 2018b) and Fig. 6 in (Ida
et al. 2015b))

pulse is roughly in inverse proportion to the heat pulse propagation speed into the
magnetic island (Ida et al. 2016). As the pulse propagation speed from the boundary
to the O-point is slow, the amount of heat pulse to the O-point of the magnetic island
becomes small, and most of it propagates through the X-point. The transition from
the state with a longer decay length (deep penetration of the heat pulse) to the state
with a shorter decay length (shallow penetration of the heat pulse) occurs within a
time scale of few milliseconds. The former state is called a high accessibility state,
and the latter state a low accessibility state. The back transition from the low acces-
sibility state to the high accessibility state is also observed. Therefore, the transition
of the modulation decay length indicates the bifurcation of turbulence spreading.
The stochastization of the magnetic field at the X-point of the magnetic island is
a key for the bifurcation of turbulence spreading into the magnetic island. A slight
increase of stochastization magnitude weakens the E X B flow shear and enhances
the turbulence spreading.

The X-point stochastization plays the role of a valve for turbulence spreading
into the magnetic island (Ida 2020). The penetration of heat pulse characterizes two
metastable states, depending on opening/closing this valve. Deep penetration of heat
pulse occurs due to the significant turbulence spreading with low E X B shear at
the blunt boundary of the magnetic island (value is open). Shallow penetration of
heat pulse occurs due to the slight turbulence spreading with high E X B shear at the
sharp edge of the magnetic island (valve is closed). The turbulence spreading into
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the magnetic island’s O-point from the magnetic island’s X-point causes self-reg-
ulated oscillation of transport and topology of magnetic islands (Ida et al. 2015b).

5.4 Turbulence spreading into the scrape-off layer (SOL)

The scrape-off layer (SOL) is the region where the temperature gradient perpendicu-
lar to the magnetic field is smaller than the critical gradient for turbulence excitation
(i.e. stable region) because the heat flux parallel to the magnetic field is dominant.
Therefore, the turbulence observed in the SOL is mainly turbulence propagated from
the pedestal region at the boundary by turbulence spreading. The E X B flow shear
modulation experiment was performed in the Tokamak de la Junta II (TJ-II) using
modulated biasing to distinguish the locally driven turbulence and spreading turbu-
lence. As seen in the contour of poloidal phase velocity in Fig. 22a, a strong E X B
flow shear appears at the plasma boundary (r — r, = 0) when negative biasing is
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Fig.22 a Turbulence phase velocity, growth rate of b local turbulence drive and ¢ turbulence spreading
in plasma boundary region with modulation of edge biasing (from Figs. 6 and 8 in (Grenfell et al. 2019))
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applied. Here the region for r — r; > 0is SOL and the region for r — ry, < O is a ped-
estal. The evolution of turbulent energy is given by

10 ,., onn /. . 10 ,. .,

EE n >=—<5><v,n>—55 v,.n > (3)
The first term RHS of equation (3) is related to the local drive of turbulence by the
background (gradient), while the second term is a non-local nonlinear term related
to turbulence spreading. Figure 22b, ¢ shows the rate of locally driven turbulence
drive, o, and the rate of spreading turbulence drive, wg, defined as
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The locally driven turbulence is significantly reduced in the pedestal but only
slightly decreases in the SOL when the negative biasing is applied. In contrast, the
spreading turbulence is significantly reduced in the SOL but there is no change in
the pedestal even for the negative biasing. These results show that the E X B flow
shear at the plasma boundary reduces the locally driven turbulence in the pedes-
tal, blocks the turbulence spreading, and reduces spreading turbulence in the SOL.
The block of turbulence spreading by the E X B flow shear is also observed in the
H-mode (Estrada et al. 2011b).

Turbulence spreading into the edge stochastic magnetic layer, induced by mag-
netic fluctuation has been reported in the LHD (Kobayashi et al. 2021). The turbu-
lence spreading into the SOL region is blocked by the large second derivative of the
pressure gradient. When the magnetic fluctuation appears at the boundary, the tur-
bulence spreading is enhanced, and density fluctuation in the SOL region increases.
The increase of density fluctuation in this layer results in broadening and reducing
the peak divertor heat load. The reduction of the divertor heat load by turbulence
spreading at the plasma boundary is a beneficial impact of turbulence spreading in
nuclear fusion research.

6 Summary

The non-local phenomena and non-local transport are commonly observed in
toroidal plasma in the tokamak and helical systems. The cold pulse’s transient
core temperature rise is widely seen in the low-density plasma (linear ohmic
confinement regime in the tokamak and a low collisionality regime in the heli-
cal system). This core temperature rise is due to the transient improvement of
confinement (reduction of thermal diffusivity) at mid-radius and exhibits hys-
teresis in the gradient—flux relation. The hysteresis in the gradient—flux relation

@ Springer



Reviews of Modern Plasma Physics (2022) 6:2 Page 33 of 37 2

is also commonly observed at mid-radius in the plasma with central modulated
ECH. This hysteresis is due to the immediate increase of turbulence level before
the temperature gradient increase at the onset of ECH. Therefore the hysteresis
appears in the gradient—flux relation, not in the turbulence—flux relation. These
hystereses in the gradient—flux relation, observed in the cold pulse experiment
and modulation ECH experiment, are clear evidence for non-local transport. The
other non-local phenomenon is a simultaneous increase and decrease of the tem-
perature gradient at the core and edge during the formation of the ITB, which is
called a see-saw transport.

There are two categories of mechanism of non-local transports. One is the radial
propagation of density gradient, temperature gradient, and turbulence. The radial
propagation of turbulence is called turbulence spreading. In a case where the turbu-
lence spreading is intermittent, fast, and accompanied by the fast radial propagation
of a sharp local temperature gradient above the critical gradient, it is called an ava-
lanche. The amplitude of the avalanche is comparable to the amplitude of a steady-
state turbulence level, and avalanche events are buried by turbulence in most of the
experiments. The other is the radial coupling of micro-scale turbulence between
different locations by the turbulence mediator. The candidates for the turbulence
mediator are meso/macro-scale turbulence, MHD oscillations, and zonal flow. The
energy transfers between the micro-scale and macro-scale turbulence and between
the micro-scale and zonal flow are identified in the experiment.

The non-local transport plays an important role even in a steady state because
the turbulence spreading has a substantial impact on the structure formation in the
plasma. Turbulence spreading occurs from an unstable region to a stable region in
the plasma. For example, the turbulence excited outside the ITB spreads into the
ITB region across the so-called ITB foot. Turbulence spreading causes deeper pen-
etration of turbulence into the ITG region and a smooth change in temperature gra-
dient (foot structure becomes obscure). When the turbulence spreading is blocked
by the E X B flow shear at the foot point, the turbulence inside the ITB is further
reduced, and the temperature gradient and the E X B flow shear increases (foot
structure becomes prominent). The interplay between turbulence spreading and
the E X B flow shear causes a structure bifurcation of the ITB (curvature bifurca-
tion) The transport bifurcation due to the same process is also observed inside the
magnetic island. (low and high accessibility states bifurcation). The block of turbu-
lence spreading by the E X B flow shear is observed in the region where the mag-
netic topology changes, such as the boundary of the magnetic island and the last
closed flux surface (LCFS). The non-local transport nature, which is revealed by
the research in transient phenomena of toroidal plasma, played a critical role in the
structure formation in the steady-state phase.
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