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Reduced Heat Transport between Edge-Localized-Mode Bursts
at Low Collisionality and Small Poloidal Larmor Radius
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Nondimensional parameter dependence of heat transport between edge localized modes (ELMs) is
examined for H mode plasmas. The electron heat diffusivity between ELMs is reduced to the level of ion
neoclassical transport in the plasma edge region which is affected by ELM burst. At lower edge
collisionality, the heat flux assigned to the heat transport between ELMs is reduced and the ELM loss
power is enhanced. During the inter-ELM phase, the energy confinement time becomes larger with
decreasing the edge collisionality and poloidal Larmor radius.
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The H mode in tokamaks [1] is characterized by the
structural formation of an edge transport barrier (ETB) at
which heat transport is significantly reduced in contrast
with a normal regime (L mode). The H mode is generally
accompanied by the appearance of pulsating plasma heat
losses called edge localized modes (ELMs) [2]. ELM
bursts originate from edge magnetohydrodynamic
(MHD) instabilities driven by a large edge pressure gra-
dient and/or a bootstrap current that cause periodic expul-
sion of plasma energy.

Among various kinds of ELMs, the repetitive occurrence
of isolated giant bursts called type-I ELMs [2,3] has been
widely observed in the H mode accompanied with high
energy confinement. Because of a possibility of serious
impact on the plasma facing components, this kind of ELM
has been intensively studied. The condition for the occur-
rence of type-I ELM bursts was observed to be close to the
ideal MHD stability boundary against a coupled peeling-
ballooning mode at intermediate toroidal mode number
[4]. The existence of ELMs enables the H mode phase to
be operated in a quasi-steady state in a global time scale
with a moderate particle confinement avoiding the accu-
mulation of impurities. Therefore, the H mode state ac-
companied by ELMs (or the “ELMy H mode”) is
associated with cyclical self-regulating dynamics that con-
sist of two phases: (i) an ELM burst generated by the MHD
destabilization rapidly enhancing instantaneous heat and
particle losses at the plasma edge; (ii) a quiescent phase
recovering the plasma energy and particle content.

For the interest of predicting the peak heat load onto
plasma facing components in a fusion reactor, experimen-
tal characterization of energy pulses expelled by ELM
bursts has been developed recently due to highly improved
temporal resolution of magnetic measurements [5-8].
However, little is known about heat transport that occurs
during the phase between ELMs (or the ‘‘inter-ELM
phase’’). Understanding the process responsible for heat
transport during the inter-ELM phase is of the utmost
importance for a completed system of the self-regulating
dynamics of ELMy H mode plasmas. The modeling of
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ELMy H mode involving MHD instabilities and anoma-
lous transport process strongly requires the experimental
evidence obtained by separating the recovery phase be-
tween ELMs from the instantaneous ELM burst phase.

This Letter presents the dependence of the energy con-
finement time during the inter-ELM phase 7' on edge
collisionality »* and poloidal Larmor radius p,, at con-
stant poloidal beta By, i.e., 7' = 75 f(v*, Ppor) Where Tg
denotes the Bohm diffusion time. To accomplish this study,
a data set of ELMy H mode plasmas heated by neutral
beam (NB) in a JT-60U tokamak has been used. Then, local
electron heat transport between ELMs is examined from
the change of ELM perturbation profiles. This study is
basically motivated by the prediction of the heat transport
between ELMs (which is apart from the prediction of ELM
size) in the reactor operational regime characterized by
sufficiently low »*(~0.03) and small p;0](~0.01) [9].
Hereafter, v*, p,, and B, represent the values evaluated
at the top of ETB using the averaged poloidal field un-
less otherwise specified. In addition, this Letter introduces
the normalized energy confinement time 75 and the nor-
malized heat diffusivity y*. The asterisk for 75 and y
denotes the value normalized to 7z and the Bohm diffu-
sivity yg(= T./16eB), respectively.

Figure 1 shows a typical time evolution of plasma en-
ergy W in the ELMy H mode phase. During the recovery
phase between ELMs, the plasma energy increases with a
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FIG. 1. A typical waveform of the ELM activities shown by
D, emission intensity and plasma energy W.
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time constant 711 determined by the energy balance for
heat flux from the plasma core and transport loss crossing
the separatrix described by the following equation:

aw w
— = Preat = =7 — AWeLmS(t — tgim)- (D
dt T8

Here, Py, denotes the source heating power crossing the
separatrix, AWg;y and tgy are the plasma energy re-
leased by an ELLM burst and the time when ELM events
occur, respectively. In Eq. (1), the second and third terms
on the right hand side represent the diffusive heat fluxes of
the inter-ELM transport loss and the periodic heat loss
associated with the ELMs, respectively. In a steady-state
phase in a time scale much longer than an ELLM event, i.e.,
dW /dt = 0 where the bar denotes the value averaged over
ELM cycles, Eq. (1) becomes

Phey = Py + Pem (Peim = fatmAWem), ()

where P;,, and Pg;y are the loss powers of the inter-ELM
transport and ELMs, respectively, and fg;y denotes the
ELM frequency. In a situation of steady state, Py, is
assigned to two heat loss channels of the inter-ELM loss
and the instantaneous ELM heat loss. In the previous
studies, it has been observed that Pgpy; remains roughly
in the range of 20%-40% of Py, in type-1 ELMy H
modes [6,10]. Shown in Fig. 2(a) is the fraction of the
power assigned from the source heat flux Py, to P and
Piy as a function of »* while keeping p; and By, fixed.
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FIG. 2. (a) The fraction of the power assigned to ELM and
inter-ELM transport from the power crossing the separatrix as a
function of »*. (b) The relation between ELM frequency fgim
and ELM energy loss AWgpy at v* ~ 0.2-0.3 and I, ~ 1 MA,
corresponding to the hatched area in Fig. 2(a).

The geometrical parameters are in the ranges of the ellip-
ticity k = 1.35-1.60, the triangularity 6 = 0.16-0.39, and
the safety factor at 95% flux surface go5 = 3.0-4.2. In
Fig. 2(a), it is obvious that the ELM loss power does not
remain at a constant fraction, but the loss power ratio can
be changed by »*. When v is increased, the inter-ELM
transport is enhanced and the ELM heat loss is reduced,
independently of plasma configuration. Figure 2(b) shows
the relation between ELM frequency fgi and ELM en-
ergy loss AWg v at v* ~ 0.2-0.3 [corresponding to the
hatched area in Fig. 2(a)]. The variation of fgyy is given by
changing the gas puffing rate. Then, AWgpy; varies in-
versely proportional to fgpp so that Py remains constant
at fixed Pp.,. In addition, this result indicates that the
diffusive heat flux between ELMs is also kept constant at
a given v* in spite of the wide variation of fg;\ and
AWELM’ c.g., Pint/Pheat ~ 75-80% at v* ~ 0.2-0.3.

After the energy release associated with an ELM burst,
the plasma energy starts to increase with the source heat
flux due to the NB injection. To maintain a steady state in a
global time scale (dW/dt = 0), the plasma energy is re-
covered with a time constant 7 to the level just before
ELM burst occurs. Therefore, the size of the ELM energy
drop AWy controlled by the edge MHD instability and
energy confinement time Tg" involved in the recovery of
the edge plasma to its pre-ELM state following the ELM
collapse, determine, consequently, the time interval be-
tween ELMs or fgip-

In order to understand the process responsible for heat
transport during the inter-ELM phase, we examine the
dependence of 7 on the edge nondimensional parameters
since the recovering heat flux is localized particularly in
the peripheral region affected by ELM crash. We will first
discuss the v* dependence. Figure 3(a) shows the depen-
dence of the normalized energy confinement time between
ELMs 7(= 7i/7p) on v* and p},,. For the »* depen-

dence, the variation of v* is selected with keeping constant
Ppot = 0.05, By = 0.3, gos =4.0, and & = 0.35. This is
done by varying the plasma current I, with adjusting the
edge plasma density. It is obviously seen that the energy
confinement between ELMs is significantly improved as v*
is reduced, satisfying the relation of 7' oc p*~06  The
energy confinement time in a global time scale 7j shows
weaker collisionality dependence given as 7, o (v*) 03,
where the bracket (-) denotes the volume-averaged value
over the whole plasma. This dependence of 7} is almost
consistent with that previously studied in the nondimen-
sional transport analysis in JT-60U [11]. Figure 3(a) is
indicative of a more collision-based heat transport during
the inter-ELM phase.

Next, we will discuss the p;;ol dependence. It is basically
hard to keep a sufficient range of p,, at constant »* and
Bpot in ELMy H mode plasmas. This is because of the
existing edge stability boundary for ELMs. In practice,
the edge pressure scales empirically as nT oc [}47!0
[12]. Then, one can find it difficult to conduct the pure
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FIG. 3. (a) The dependence of 7i%(= 7i/75) on (i) »*

(shaded circle; P;ol =0.05 and B, =0.3) and (ii) ppol (open
circle; Bpo = 0.25). Shaded square indicates the dependence of
75 on (¥*). (b) Comparlson of 71 with the scaling expression
based on »* and p’ pol At gos = 4. O and 6 = 0.3 (shaded circles).
Lower gq5 case is also shown as open square.

P;ol(“ \/T/Ip) scan at fixed v*(« n/T?) due to the strong
colinearity with By (> nT/I3). Instead of the pure pj,
scan, the knowledge of the »* dependence can be used to
infer the p,; dependence from the data set in which »* and

Pror Vary together while keeping B, fixed. In Fig. 3(a), the

int* *—0.6

variation of 7" normalized to v as a function of p

is shown. The variation of P;m is selected at fixed B, =
0.25, g5 = 4.0, and & = 0.35 while »* varies in the range
of 0.08-0.36. Then, it appears that 7i"* becomes larger at
smaller p,, satisfying Tm‘* e pp0107 Shown in Fig. 3(b) is
the distribution of 7il** expressed by »* and Py for the
cases of gg5 =4.0 and 6 = 0.30-0.35. Employing the
regression based on the power law (log-linear) expression,
the best fit is obtained at 7i§** o »*~%0pr 07 It may be

worth pointing out in passing that the rms error for the
functional form of 7§ = f(v*, p5 ) is 0.55, which is

int#

reduced by ~40% from the case where 7" is evaluated
as a function of only »* (RMSE = 0.90). In order to
consider the effect of magnetic structure on the inter-
ELM heat transport, Fig. 3(b) also plots 7i1* for the case
of lower gos. It is seen that 711" at lower q95(~ 3.0) follows
closely the expression for the higher gos5(= 4.0), suggesting

no strong dependence of g¢5 on the inter-ELM heat
transport.

We now focus on the local heat diffusivity during the
inter-ELM phase. Figure 4 plots the relative perturbations
of the electron temperature profiles due to an ELM for
two cases of (A) low »*(= 0.02) and (B) high v*(= 0.22)
at fixed pyg(=0.05) and B,(=0.3). While profiles of
AT,./T,. become larger near the plasma boundary for both
cases, the amplitude of the relative perturbation is rela-
tively large for the low »* case. Besides, the energy drop at
low v* involves the relative perturbation of the T, profile
across an ELM that extends radially more inward. Indeed,
the measured energy pulse expelled by ELM bursts
AWgipm/W in the low v* case is larger by a factor of 1.8
than that in the high »* case. During the inter-ELM phase,
the energy equivalent to AWk y; is replenished by the heat
flux from the plasma core during the time interval between
ELMs Ar™, To evaluate the time derivative of electron
energy, the changes of the n. and T, profiles between
ELMs are evaluated with the fast ECE radiometer and
Thomson scattering measurements with a YAG laser sys-
tem. As seen in Fig. 1, an ELM burst occurs in many cases
much earlier than the plasma energy W reaches the steady-
state level. Then, the electron heat diffusivity averaged
during the inter-ELM phase is derived from the electron
conductive heat flow given as

dT,
= —=, (3

Qeond — f’3 A(n.Te)em rdr —
r dr

02 Al‘lm

where Q%™ denotes the electron conductive power den-
sity, A(n.T.)pm is the change of the electron pressure
across an ELM, and y™ is the electron heat diffusivity
during the inter-ELM phase. Since the change of the
number of electrons between ELMs (dN./dt)™ is negli-
gibly small compared to the source electron particle flux,
the electron convective power density during the inter-
ELM phase hardly differs from that evaluated in a global
time scale. The radiation loss power is ~20% of the source
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FIG. 4. Relative perturbations to the electron temperature pro-
files due to an ELM for the cases of (A) low »*(= 0.02) and
(B) high »*(= 0.22). The measurement locations are converted
to normalized poloidal magnetic flux radius p,,
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FIG. 5. Profiles of the electron heat diffusivity during the inter-
ELM phase yi"* for the cases of (a) low v*(= 0.02) and (b) high
v*(= 0.22). The electron heat diffusivity in a global time scale
Xe and the ion neoclassical heat diffusivity x!°* [13] are also
shown for reference.

heating power for both cases. Figure 5 shows the profiles of
the normalized electron heat diffusivity during the inter-
ELM phase y"*(= y"/yg) for the cases shown in Fig. 4.
In comparison with the electron heat diffusivity evaluated
in a global time scale y;, it is seen in both cases that the
reduction of y"™* is localized in the plasma edge region
affected by ELM perturbation. In particular, y"* around
the position of the ETB (p, = 0.95) is significantly re-
duced to the level of ion neoclassical heat diffusivity y*°*.
In the banana regime (v* < 1), the normalized neoclassical
heat diffusivity y"°* scales as v* pgolqo at a given inverse

aspect ratio € in the poloidal system. Figure 5 amounts to
saying that the »* dependence of y"* is similar to that of
the neoclassical heat transport in the peripheral region. In
practice, the reduction in y"* is not seen in the plasma
core region. In that respect, we can presume that the
increased energy confinement time between ELMs at low
v* is mainly attributed to the reduction of heat diffusivity
in the plasma edge region where the pressure profile af-
fected by an ELM burst recovers to its pre-ELM state. In
addition, x"°* does not depend explicitly on the safety
factor. As regards the edge heat diffusivity, this is not in
conflict with no go5 dependence of 7% shown in Fig. 3(b).
However, it is noted that y!"* at the plasma edge is not

reduced to the level of electron neoclassical heat diffusivity

X (~y/m /m; x'*°*). Since the time scale of electron-ion
heat exchange becomes shorter than 7' at higher »*, the

relation between the electron-ion energy relaxation process
and the inter-ELM heat transport should be quantified in a
next study.

In summary, the reduction of electron heat diffusivity
between ELMs to the level of ion neoclassical transport
was found in the plasma edge region affected by an ELM
burst. As »* becomes smaller, the heat flux assigned to the
heat transport between ELMs is reduced and the ELM loss
power is enhanced. The energy confinement time during
the inter-ELM phase 7i""* increased at low »* and small
Ppors Satisfying 7% o< 2*700p 207 From the result pre-
sented in this Letter, it is expected that the heat transport
between ELMs is sufficiently reduced at the plasma edge in
the reactor operational regime. However, one can also
expect that it is not simple to achieve the high energy
confinement simultaneously with small ELM losses par-
ticularly at low »*. In fact, it is observed that A Wy, y; in the
type-I ELMs can be larger with decreasing »* [6—8], while
the P;m dependence of AWy has not systematically been

investigated in detail because the p;()l value in the reactor is

much smaller than accessible in the present large toka-
maks. As shown in Fig. 2(a), the reduced heat transport is
always accompanied by a large ELM loss power at low v*.
It is observed that the plasma geometrical configuration
influences largely not only on the amplitude and frequency
of ELM perturbations, but also on the energy confinement
properties. Therefore, characterization of the inter-ELM
heat transport as well as the instantaneous ELM loss in a
variety of geometrical parameters in the low »* regime is
required for realizing high integrated performance in future
devices.
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