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ABSTRACT

A heating source with off-axis electron cyclotron heating (ECH) alone produced a plasma with a quasi-steady-state hollow electron-
temperature profile in the Large Helical Device. The clear formation of this quasi-steady-state hollow electron-temperature profile can be
explained by adding the outward heat convection term to the diffusion term, as a simple model to describe the electron heat flux, using the
energy conservation equation. In addition, we directly observed the non-locality of the non-diffusive (convective) contribution in transient
electron thermal transport in the condition that power-modulated on-axis ECH was applied to the plasma sustained by off-axis ECH. The
experimentally evaluated flux-gradient relation shows two different positive values of the electron heat flux at zero temperature gradient by
going back and forth between positive and negative temperature gradient regions in the transport hysteresis phenomenon.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0074351

I. INTRODUCTION

The simplest diffusion model has been used to understand

the absence of a central heating source.'®'” On the other hand, in the
case of far-off-axis ECH for the RTP tokamak, where the T, profile

plasma transport, e.g., integrated transport modeling and scaling,
internal transport barriers (ITBs), etc., using the gyro-Bohm diffusion
coefficient.' ® However, recent studies have reported that the diffusion
process is insufficient for several cases, e.g., non-local cold pulse propa-
gation, the off diagonal term (convection), transport hysteresis phe-
nomena, etc.” '’ Some of them are being solved by detailed modeling
of turbulence, but there are still some unresolved issues.

Regarding heat convection, some experimental observations have
been reported in tokamaks. During localized off-axis electron cyclo-
tron heating (ECH), inward electron heat convection is required to
explain steady-state peaked electron-temperature (T.) profiles even in

becomes significantly hollow, the sustainment of a strong negative gra-
dient on the electron temperature, ie, —VT, < 0, can be explained
by the presence of outward heat convection.”” Hollow T, profiles were
also observed in old stellarators Heliotron-E and Wendelstein 7-AS in
the case of off-axis ECH.”"*

However, several experimental observations have already
revealed that transient responses of electron thermal transport can be
explained by non-diffusive non-local properties.'”'>***° Here, non-
local electron thermal transport denotes that the electron heat flux g,
cannot be determined by transport coefficients of local plasma param-
eters, e.g., —VTe, T, etc. As a result, the transport hysteresis appears.
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The flux-gradient diagram shows a hysteresis trajectory, where g, rap-
idly changes in response of heating, while —VT, continuously
changes. The transport hysteresis phenomena do not clearly follow the
local diffusion model, where g is determined by local —V T, with the
diffusion coefficient alone. Although inward/outward electron heat
convection can describe some steady-state T profiles, the direct obser-
vations of the relation between g. and —V T, are required to study
transient transport properties without assuming a specific transport
model. In this paper, we reproduce the formation of a quasi-steady-
state hollow T, profile in the Large Helical Device (LHD). Then, we
discuss for the first time the direct observation of the non-locality of
the non-diffusive contribution in transient electron thermal transport,
which is associated with outward electron heat convection, through
the experimental evaluation of the flux-gradient relation as well as the
flux-temperature relation.

Il. EXPERIMENTAL SETUP
A. LHD experiments

Plasma experiments to study hollow T, profiles were performed
in the LHD.”” The confinement magnetic field configuration was set
to be the standard one in the LHD. The magnetic field strength was
set to be By = 2.75 T at the magnetic axis of R,y = 3.6 m. The electron
cyclotron (EC) resonance layer at 2.75T, for the second-harmonic
extraordinary (X2) mode at 154 GHz, ranges from the magnetic axis
to the plasma edge so that the deposition location can be scanned
radially.

Two types of experiments were performed in this study. The first
one was to form a hollow T. profile at a quasi-steady state. A deute-
rium plasma started up with on-axis ECH from 3.0 to 3.3 s, followed
by the main heating source to sustain the plasma from 3.3 to 4.8 s with
X2-mode ECH along with a 154-GHz gyrotron with its injection
power of 0.80 MW from the 2-OUL launching antenna, which is
installed at the outer port on the horizontally elongated plasma cross
section. The deposition location of the X2-mode ECH was radially
scanned on a shot-to-shot basis to see the change of quasi-steady-state
T, profiles. The pulse width of 1.5 s is longer than a typical energy con-
finement time of a few hundred ms in ECH plasmas.”® The second
type of experiment was a modulation ECH (MECH) experiment,
where on-axis MECH was superimposed on off-axis ECH to excite the
heat pulse propagation from the plasma center to the edge to observe
the non-locality of the non-diffusion term directly. On-axis ECH was
used to start up a deuterium plasma from 3.0 to 3.3 s. Then, on-axis
MECH was deposited at re ~ 0.1 m with its injection power of
0.72 MW from the 2-OLL antenna, which is also installed at the outer
port on the horizontally elongated cross section. Here, 7. denotes the
effective minor radius.”” The MECH frequency was set at 2 Hz. The
steady-state off-axis ECH was deposited at 7. ~ 0.3 m with its injec-
tion power of 0.80 MW from the 2-OUL launching antenna. Their
gyrotron frequency was 154 GHz for X2-mode heating. Both pulse
widths were set at 1.5 s from 3.3 to 4.8 s. ECH power deposition pro-
files were calculated by the ray-tracing code “LHDGauss.””’

The radial profiles of T, and n. were measured with the
Thomson scattering (TS) diagnostics.”' The T, profile was also mea-
sured with the high-time-resolution electron cyclotron emission
(ECE) radiometer system.”” The line-averaged electron density 71, was
measured with the far-infrared laser interferometer.”” The T; profile
was measured with charge exchange spectroscopy (CXS)™* with 20 ms

scitation.org/journal/php

short-pulse diagnostic perpendicular neutral beam injection (NBI)
triggered at 4.7 and 6.5 s only in both types of experiments. Since the
NBI power over 4.5 MW is much larger than the ECH power less than
1 MW in the LHD, the NBI affects the plasma heated by ECH alone.
Thus, the short-pulse NBI for the T; measurement was applied only at
4.7 s near the end of the ECH pulse at 4.8 s. Then, another ECH was
applied from 4.8 to 5.1 s, followed by tangential NBI from 5.1 s for the
MECH experiment. The tangential NBI phase was used to calibrate
the ECE signal intensity by T, measured with TS. The central ion tem-
perature Tj, was also measured with a crystal spectrometer.” Line-
integrated radiation power was measured with resistive bolometer
arrays.”” The effective ion charge Z.; was obtained by the visible
Bremsstrahlung profile measurement,”” and its radially constant value
was used for analysis.

B. Dynamic transport analysis

The second type of experiment for direct observation of the non-
locality of the non-diffusion term is illustrated in Fig. 1. This figure
shows the schematic diagrams of radial profiles of T, during on-axis
MECH superimposed on off-axis ECH to excite heat pulse propaga-
tion and also shows the flux-gradient relation when the non-locality of
the non-diffusive transport is present. The electron heat flux g, is eval-
uated at the radius between the two deposition radii. In our case, the
observation location is 7. ~ 0.2 m between the on-axis ECH location
and the off-axis ECH location. Dynamic transport analysis to evaluate
ge even at the region of the negative —V T, will show the transport
hysteresis, where the different g. is observed between the turn-on
phase and the turn-off phase during on-axis MECH. On-axis MECH
supplies finite positive g. transiently flowing against the counter-
gradient region. In contrast to the case of a steady-state hollow T, pro-
file, where net g. = 0 at the region of —V T, < 0, due to no on-axis
ECH, the transient transport phenomenon by on-axis MECH gives
net g. >0 at the region of —VT, < 0. This transient counter-
gradient transport cannot be explained by the local diffusion model. In
addition, the transport hysteresis, including the region of g. > 0 and
—VT. <0, cannot be explained by the local diffusion-convection
model. Here, we regard the non-diffusion term as what gives rise to
positive g even at zero —V Te.

heat flux at the radius between (b)

i (@)
heat pulse excited the two deposition radii

by on-axis MECH

_— Qe k
Te —
peaked Ne
on-axis ECH
turned ON
on-axis ECH
turned OFF
/ /
/
on-axis  off-axis hollow 0 eaked —
MECH  ECH r P Vie

flat

FIG. 1. Schematic diagrams of (a) radial profiles of T, during on-axis MECH super-
imposed on steady-state off-axis ECH and (b) the flux-gradient relation when the
non-locality of non-diffusive counter-gradient transport is present.
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I1l. EXPERIMENTAL RESULTS

A. Formation of a quasi-steady-state hollow electron
temperature profile

The first type of experiment to form a quasi-steady-state hol-
low T. profile was performed. Similarly, in other devices where
hollow T, profiles were observed, a heating source with off-axis
ECH alone exhibited the clear formation of a hollow T. profile in
the LHD. Figure 2 shows radial profiles of the ECH deposition
power density Pgch, the electron temperature T, the ion tempera-
ture Tj, and the electron density n. in the cases of on-axis ECH,
mildly off-axis ECH, and off-axis ECH. Here, reff = dg9 = 0.62 m
is the minor radius in which 99% of the electron stored energy is
confined. The TS measurement data were at 4.667 s just before the
diagnostic NBI pulse at 4.7 s for the CXS measurement to dismiss
the effect of NBI heating on T.. The results show that the peaked
T, profile changed to hollow by changing the deposition location
outward on a shot-to-shot basis, while the T; and 7. profiles were
almost unchanged in these three discharges. After n. adjustment
by deuterium gas puffing, hollow T, profiles were sustained during
~37g in the off-axis ECH case, where 1 denotes the energy con-
finement time, and it was estimated to be g ~ 0.28 s.

The quasi-steady-state hollow T, profile in the LHD can be
explained by adding the convection term to the diffusion term as a
simple model to describe g, given by

Ge(r) = —neye aT(;r(r)

+neUeTe(r)7 (1)

where y, and U, denote the electron heat diffusivity and the electron
heat convection velocity, respectively. The T, profile can be derived
semi-analytically from the steady-state energy conservation equation
in the cylindrical coordinates as given by

Ry =3.6m, B =275T

Physics of Plasmas ARTICLE

0=—
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0 [y1(r)ge(r)] + Pecu(r).

Vi) or

when the following approximations can be met: the heating profile by
Dirac’s delta function Pecy = po(r — raep), the simple torus shape
V ~ 2n2Ror? and V' = 47*Ryr, and radially constant y,, U., and ..
Here, p is the heating power surface density, 74 is the minor radius of
the deposition location, Ry is the major radius, and V' is the radial
derivative of the plasma volume profile V. Then, the solutions are
obtained as

Ue
( >Te (r < raep)s
OT.(r) Le
or U. T,
(Z) Te - 7 (T Z rdep)7
(2)
Ue
Taep €Xp L—(r — rdep)} (r < rgep)s
Ue U.
Te(r) = { Taep Xp [— (r— rdep):| + Ty {—E,- (— rdep)
Le Le
Ue Ue
+E;i|—7r }exp (—r), (r > raep),
(xe ) Ye P

where E; denotes the exponential integral function defined as E;(x)
== e—;' dt for x> 0. A parameter Ty, is the electron temperature at
the deposition location rg4ep. The other parameter Ty is defined as
Ty = prdep/(”e%e)'

A solid black line in Fig. 2(f) shows a curve fitted in Eq. (2)
into the measured T. data, where Ry = 3.6 m, Taep = 0.32 m, the

154 GHz, 2-OUL

[ ng (4.667 s)
L | L

a0 —— T3 F T T T T131E T T T3
[ E 1 E i1E E
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o 4 | -4 F —H F : b Te, Ti, and ne in cases of (a) and (d) on-
= | axis ECH, (b) and (e) mildly off-axis ECH,
<L : and (c) and (f) off-axis ECH. Solid black
X3 F | line in (f) shows a curve fitted in Eq. (2)
% ! into measured T, data.
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volume-integral ECH absorption power is 0.78 MW, p = 17 kW/m’, #166307, R,y =3.6m, B=275T
Taep = 2.3 keV, Ty = 3.4 keV, ne = 1.4 x 10 m >, 7, = 0.70 m’/s, alb@ | MECH  pnNBI| e
and U, = 0.58 m/s. The positive U, means outward heat convection. s ) t-NBI -
The fitted curve with the modeled g, in Eq. (1) precisely expresses the 22 Bt & @i 2ein PN
. radiation]
measured quasi-steady-state hollow T, profile at reasonable values of
% and U, in the LHD.™ Figure 3 shows the radial profiles of the nor- . 10’ o
malized electron heat flux g./n. and the ratio between the diffusion o4 100 =
term and the convection term by using the fitted curve. Inside the ::u::) 10" %
deposition radius of off-axis ECH, inward heat diffusion and outward i S
heat convection cancel each other. Thus, the net electron heat flux is m,Q-O T RN ———— 102 &
zero. Outside the deposition radius, more than 80% of g./n. is E o | —— 1045
accounted for outward heat diffusion. The contribution of outward % ’ ]| 0.2 %
heat convection is less than 20%. = [ i =
S0 e e 00
B. Direct observation of the non-locality < gl @ = 7, Te shoutder To.ox8 ]
of the non-diffusion term £ M‘M
Although the simple model in Eq. (1), including outward heat © pelbysta ]
convection, can describe some quasi-steady-state hollow T, profiles, 0 4
this model is insufficient to describe transient responses of electron Py | S
thermal transport. For the second type of experiment, on-axis MECH EE, 2 %
~

was superimposed on steady-state off-axis ECH in the LHD. Figure 4
shows the time evolution of various quantities in a deuterium plasma
discharge. The line-averaged electron density 7. was kept almost con- 40
stant at 2 x 10’ m > during MECH. Along with Fig. 4, Fig. 5 shows s
the radial profiles of T, and n. during on-axis MECH. A peaked T, =
. . 3 I'off min ~ 0.05 m 1
profile was observed after on-axis MECH was turned on, while the T, o b v vy R

3.5 4.0 4.5 5.0 5.5
Time (s)

—T T T T
(f) Line-integrated radiation
Tet min ~ 0.5 M

#165695, 4.667 s

8 — — — FIG. 4. Time evolution of the (a) injection power of ECH, port-through power of tan-

— Total (@) gential NBI (t-NBI) ﬁnd perpendiculqr NBI (p-NBI),I radiation power, (l?) radial profile

— Diffusion of the ECH deposition power density Pecy, (C) line-averaged density ne, plasma

—_ 6 Convection ] stored energy W,, (d) central electron temperature Tep at R=3.638 m and

@ \ Te shouider at R=3.973 m measured with TS, central ion temperature Ty cxs mea-

£ 4 b ] sured with CXS, Tig crystal measured with crystal spectrometer, (e) radial profile of

%, Te along with magnetic axis Rax, and (f) line-integrated radiation power measured

= with resistive bolometer arrays, where minimum radius on each sightline is

L 2 7] Teifmin = 0.5 m and refr min 2~ 0.05 m. Time period of on-axis MECH is hatched in
;a_a yellow.

0

) P T S S B profile changed to a hollow one after on-axis MECH was turned off

on the timescale of tz. On the other hand, the n, profile was almost

10 = Diffusion ' (lI)) unchanged during MECH. In contrast to hollow T profiles, hollow 7,

08 I Convection — | Proﬁles are frequently Qbsewed in .LHD plasmas produced by gas puff-

: ing. Particle transport in the particle source located at the peripheral

plasma region has been discussed in the literature.””"” Here, the ECH-

006 7 driven neoclassical particle flux is discussed in Appendix A. As shown

§ in Fig. 4(d), the central ion temperature Tj, measured with CXS at 4.7

0.4 1 s was about 1 keV, which was close to Tj, that measured with a crystal

spectrometer. In contrast to T, Tj, was almost unchanged regardless

0.2 L\ B of on-axis MECH. Due to relatively low 7, thermal relaxation from

electrons to ions was much smaller than ECH power. Among resistive

0.0 L S RS L bolometer arrays for measuring the line-integrated radiation power,

0.0 0.1 0.2 0.3 0.4 0.5 0.6 the sightlines with the minimum radius 7eg min = 0.5 m and reg min

gt (M) ~ 0.05 m are shown in Fig. 4(f). We observed that the radiation power

on the sightline with 7ef min ~ 0.5 m changed synchronously with

FIG. 3. Radial profiles of (a) gs/n. and (b) ratio between the electron heat diffusion MECH, while the radiation power on the sightline with refr pin =~ 0.05 m
and the electron heat convection. was almost unchanged during MECH. This difference is possibly
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on-axis ECH: OFF |

I on-axis ECH: ON I

LI S

39s
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FIG. 5. Radial profiles of T, and ne during
on-axis MECH.

0.50.0
It (M)

0.50.0
Iegt (M)

0.50.0
Iets (M)

0.50.0
Fegs (M)

caused by the larger line-integral volume around the plasma periph-
eral region in the sightline with 7efmin o 0.5 m than that in the
sightline with #eff min = 0.05 m. These results suggest that radiation
loss is expected to be mainly concentrated at the plasma peripheral
region, so that the radiation loss near the magnetic axis is much
smaller than the on-axis ECH power density. By the way, the plasma
stored energy W, as shown in Fig. 4(c), changed synchronously
with on-axis MECH, but it decreased by 35% at most after turning
off the on-axis MECH, which is discussed in Appendix B.

To discuss the flux-gradient relation, high-time-resolution T
measured with the ECE diagnostic was calibrated by T, measured with
the TS diagnostic during the tangential NBI phase from 5.1 s, when all
gyrotrons for ECH were turned off, where the effect of non-thermal
electrons on ECE signals could be neglected.”' Figure 6 shows the
comparisons between T, measured with ECE and T, measured with
TS for ECH and NBI phases. The measurement location of 7. = 0.21
m is where the negative —V T, is formed during only off-axis ECH,
while ref = 0.40 m is outside the negative —V T, region. The result
shows that T. measured with ECE is in good agreement with T,

#166307
T T T T T T T L L

+ off-axis ECH .

[ on- & off-axis ECH 0 %

| NBI o || i
%‘ 2 | o8 s | |
X °
o o
2 I ) °
o 1F . 1t 1

I (@) ry=0.21m| (b) ryy=0.40m |

0 | Il 1 Il
0 1 2 0 1 2
Tets (keV) Tets (keV)

FIG. 6. Comparisons between T, measured with ECE and T, measured with TS at
(@) ref = 0.21 m and (b) rer = 0.40 m for three different heating phases with only
off-axis ECH, on- and off-axis ECH, and tangential NBI.

Fegs (M)

0.50.0 0.5

Ies (M)

measured with TS during ECH phases, probably due to relatively high
#le, in terms of the effect of non-thermal electrons.”’ For reference, the
effect of non-thermal electrons on ECE signals for this discharge is dis-
cussed in Appendix C.

The radial profile of g. was directly evaluated from the energy
conservation equation given by

6Te)
e a ¢ )

where Pygre and P._; denote the electron heating power density by
NBI and thermal relaxation power density from electrons to ions,
respectively; S and V denote the surface area and the volume inside the
flux surface at req, respectively. It is noted that the radiation power
density is omitted, because it is negligibly small in the analysis region.
Since perpendicular NBI mainly heats ions, Pygr. is negligibly small
during the MECH period where tangential NBI heating is absent. The
electron temperature gradient was calculated by the finite difference.
The ion temperature was calculated by linear inter- and extrapolation
of the measured T; with CXS. Then, g./n. and —V T, were evaluated
under the conditional average during on-axis MECH, as shown in
Fig. 7. The conditional-averaged T, also shows that the T. profile
became peaked after on-axis MECH was turned on and became hol-
low after on-axis MECH was turned off. During the turn-off phase,
the negative —V T, was formed between the on-axis MECH location
and the off-axis ECH location. After on-axis MECH was turned on,
—VT, changed rapidly from negative to positive. Then, the flux-
gradient relation was evaluated, as shown in Fig. 8. At reg = 0.21 m,
where the negative —V T, was formed in the off-axis ECH period, the
ge curve crossed two positive y-intercepts in the graph during the
turn-on/off phases of on-axis MECH. This means two different values
of ge at zero —V T.. At the same time, two different values of g. were
observed in the flux-temperature diagram as shown in Fig. 8(b). This
transport hysteresis phenomenon experimentally indicates the non-
locality of the non-diffusion term in counter-gradient electron thermal
transport. Dynamic transport behavior between positive and negative
—VT. was observed. It seems that the abrupt changes of g. at the
turn-on/off timings of on-axis MECH, i.e., the hysteresis widths, show
an asymmetric property, although the cause is unclear at the moment.

1 Teff
g = EJ dv (PECH + Pxpre — Pei —
0
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#166307 On the other hand, the flux-gradient and flux-temperature diagrams
! (é) at 7 = 0.40 m outside the off-axis ECH location show hysteresis tra-
. | jectories in the region of positive —V T, throughout the MECH period
C . -C)P-a-x-ls_l\:ll-Egl-l- o fueon =2 Hz Jas shown in Eigs.%%(c) ang 8(d). ¢ ’
off-axis ECH 1 Figure 9 shows the radial profiles of the hysteresis widths
0 . L I A(ge/ne). The normalized electron heat flux g./n. was averaged for
—VT, or for T, during the turn-on/off phases of on-axis MECH,
respectively. Then, A(ge/n.) was evaluated by subtracting the aver-
aged g./ne of the turn-off phase from that of the turn-on phase. The
hysteresis widths are plotted in reg > 0.2 m, where on-axis MECH
power deposition is almost absent. Therefore, uncertainty in the ECH
deposition profile calculation need not to be accounted for. The result
shows that normalized A(ge/#n.) remains relatively large until the off-
axis ECH location of ref ~ 0.3 m, being apart from the on-axis
MECH location, and that normalized A(ge/n.) decreases outside the
off-axis ECH location.

Injection power
(MW)

Tt (m)
N (1019 m's)

Tt (m)
To (keV)

IV. DISCUSSIONS
A. Hollow electron temperature profiles

In Sec. I, we mention hollow T, profiles in the RTP tokamak and
the outward heat convection used to explain them.. However, RTP
also explained some cases of hollow T, profiles in the presence of low-
order rational g surfaces and localized regions of greatly reduced diffu-
sivi'ry,’12 where g denotes the safety factor. Here, in the LHD, we do not
think that the observed hollow T, profiles relate to 1 profiles, where 1
denotes the rotational transform, because significant plasma current
change was not observed in the off-axis ECH case (#165695) com-
pared to the on-axis ECH case (#165692). The plasma current was less
than 5kA during the ECH pulse, i.e., almost current-less plasma. The 1
profile inside re/agy = 0.5 is in a range of 1/3 < 1/21 < 1/2, but
significant MHD (magnetohydrodynamics) activities were not
observed in both discharges. We know that reduced diffusivity causes
electron ITB (internal transport barrier) formation when strong on-

Igt (M)

Iegt (M)

not calculated
go/ng (keV m/fs) -VT, (keV/m)

FIG. 7. Time evolution of the (a) injection power of ECH, radial profiles of (b) ne, (c)
Te, (d) —VTe, and (e) ge/ne under conditional averaging during on-axis MECH.
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FIG. 9. Radial profiles of qe /ne averaged for (a) —V T or for (b) T during turn-on/
FIG. 8. Diagrams of the flux-gradient relation at (a) rer = 0.21 m and (c) re off phases of on-axis MECH, and (c) and (d) hysteresis widths A(ge/ne) normal-
= 0.40 m along with (b) and (d) the flux-temperature relation at same locations. ized by ge/ne of the turn-on phase of on-axis MECH.
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axis ECH is applied to a relatively low-7, plasma,”’ but adjusting the
magnitude of the diffusion term does not contribute to the formation
of the hollow T, profile in the off-axis ECH case.

B. Hysteresis width

A similar description of the observed hysteresis is given in a DIII-
D tokamak.'” This reference notes that one explanation for the appar-
ent hysteresis would be that the actual ECH deposition is significantly
broader than predicted by a deposition code. We have already evalu-
ated the effect of broadening ECH deposition profiles on the hysteresis
width A(ge/n.).”>** The deposition profile that makes the hysteresis
width zero can be caused by unreasonable misalignment in the steer-
ing antenna setting. Reasonable broadening of the deposition profile
that accounts for oblique propagation of EC waves reduces g. by
~20% at observation radius, where the heating absorption is less sig-
nificant. However, the qualitative hysteresis feature of g, is still pre-
served, because ¢. rapidly changes in response of heating in
comparison to a continuous change of —V Te.

The abrupt changes of g. at on-axis MECH turn-on/off, i.e., the
hysteresis widths, are suggested to be associated with turbulent trans-
port properties.”” The immediate impact of heating power on turbu-
lent transport is discussed in a theoretical model.”” The change in the
heating power can directly amplify the long-range fluctuation ampli-
tude. The fluctuation amplitude is predicted to be

I= fo
1— o k2

where y, and k| denote the turbulent diffusivity and the wavenumber
of the fluctuation, respectively, and y,, = OPgc/0pe is the parameter
of the direct impact of the heating power on the fluctuation amplitude.
Here, p. denotes the electron pressure. The fluctuation amplitude I, in
the absence of heating is amplified to I after the onset of heating. The
fluctuation can be enhanced at y;, ~ 70k’ . Thanks to the fast change
in 7y, the turbulence amplitude and the electron heat flux can vary in
advance of changes in local plasma parameters. For oblique propaga-
tion of a 154-GHz EC wave, an ECH absorption model is used to eval-
uate the heating efficiency.”*" Figure 10 shows the dependence of
OPgcu/Ope on T, and n,. Regardless of the evaluated locations, apart
from the on-axis MECH location, OPgcy/dp. < 1 s ' at Pgey ~ 1
MW/m?. In the plasma parameter range of discharge #166307, the
ECH power was almost fully absorbed due to relatively high T. and
high #.. The largest possible magnitude of the transport hysteresis is
the case with y, ~ 1 m*/s and k; ~ 5 m™" for m=1 global fluctua-
tion in the LHD as the upper limit.”” Thus, 7y, k2 ~ 0. The model
predicts no hysteresis due to relatively high T. and high n. during on-
axis MECH of this discharge, although the model predicts that
decreasing T. and n. enhances the hysteresis width in the turbulent
thermal transport. It is unclear that this type of fluctuation was ampli-
fied by on-axis MECH in our case. We tried to compare the hysteresis
width of g. with the hysteresis widths of electron density fluctuations
7l in experiments. Ions and electron scale turbulence were measured
with two-dimensional phase contrast imaging and W-band millime-
ter-wave backscattering diagnostics.” *” However, a positive correla-
tion of the hysteresis widths between g and 7. has not been found at
present, which should be clarified in future studies.
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FIG. 10. Dependence of OPecr/dpe on T and ne at reg = 0.21 and 0.40 m during
on-axis MECH.

C. Neoclassical transport

The simple model to describe ge, including diffusion and convec-
tion, is presented in Sec. ITI A. Here, neoclassical heat transport is com-
pared with the model. Neoclassical transport was evaluated with the
code “GSRAKE”"" for the on-axis ECH and off-axis ECH cases. The
two discharges for these cases are the same as shown in Figs. 2(a) and
2(d) for on-axis ECH and (c) and (f) for off-axis ECH. The neoclassical
particle flux I'. and heat flux g, for electrons are given by

1 ai’le eE, D, 3\ 1 8Te
I'e = —Din.< — — —— =)=
m {ne or + Te. + (D1 2) Te 81’}
One
= _De Ve €
or + Ven

1 On. ek, D; 3\ 10T,
= —DneTeq —— +— — ===
e 2Me e{ne or * T. * <D2 2) Te Or
oT,
= _neXeaire_F ”eUeTe7

where D}, D,, and D; are coefficients and E, is the ambipolar radial
electric field at T'¢(E,) = T';(E,) for deuterium plasmas. Both I". and
ge are modeled here as summation of the diffusion term and the non-
diffusion term. Each diffusion term is proportional to —Vn. or
—VT.. Each non-diffusion term is not proportional to the gradients
and is expressed as the convection term. Here, D., Ve, 7., and U,
denote the electron particle diffusivity, the electron particle convection
velocity, the electron heat diffusivity, and the electron heat convection
velocity in neoclassical transport, respectively. Figure 11 shows the
result of the neoclassical transport calculations. Here, the radial pro-
files of T., T;, and n, are fitted curves by polynomial functions of the
tenth degree into the measured data. The normalized minor radius p
is defined as p = ref/dgo. This result in both cases shows that neoclas-
sical electron particle transport is mainly convective, and neoclassical
electron heat transport is mainly diffusive. Since the n. profile is
slightly hollow, the —V#, contribution to the electron particle diffu-
sion and the electron heat convection is relatively smaller.
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Dotted lines: on-axis ECH (#165692)

FIG. 11. Radial profiles of (a) Te, (b) T
(c) ne, (d) ambipolar E, (e) De, Ve, (f),
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between the diffusion term and the con-
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On the other hand, the positive —V T, in the whole region of the
on-axis EC heated plasma and in the outer region of the off-axis ECH
location mainly contribute to outward particle convection and out-
ward heat diffusion. Additionally, in the region of the positive ambipo-
lar E, (the electron root) in both cases, the generated inward U,
slightly increases the ratio of the convective ge/n. up to ~30%.
Neoclassical transport behavior is similar in both cases outside the off-
axis ECH location of p ~ 0.5, because the radial profiles of T, T;, and
n are similar in both cases. On the other hand, in the negative —V T,
region of the hollow T, profile in the off-axis ECH case, both I'¢/#.
and g /n. are much smaller than those in the positive —V T, region of
the peaked T, profile in the on-axis ECH case. In contrast to the posi-
tive ambipolar E, at p < 0.7 in the on-axis ECH case, the negative
ambipolar E, (the ion root) is obtained inside the off-axis ECH loca-
tion of p ~ 0.5. The transition from the electron root to the ion root is
observed, in contrast to the inverse transition at the formation of elec-
tron ITB, where the strong positive —V T, is generated."’ This transi-
tion from the large positive E, to the slightly negative E, contributes to
changing the U, direction from negative to positive. However, the gen-
erated outward heat convection is insufficient to compensate for
inward heat diffusion in the negative —V T, region. Thus, net inward
ge/ne is present around p ~ 0.4. The ratio of the neoclassical

convective g./n is only less than 30% at 0.1 < p < 0.5 inside the off-
axis ECH location, although the modeled inward diffusive g, /7. and
outward convective g./n. cancel each other, as shown in Fig. 3. The
average value of neoclassical 7, and U, inside the off-axis ECH loca-
tion is 0.9 m?/s and 0.1 m/s, respectively. This order is comparable to
the estimated y,(= 0.70 m*/s) and U,(= 0.58 m/s) with the model
written in Sec. III A. It should be noted that there is an ion root in
0.53 < p < 0.72 in the off-axis ECH case, although the electron root
is selected because the ion root gives rise to unreasonable g./n. much
larger than that shown in Fig. 3, whose model uses the real ECH power
input. Thus, the neoclassical g./n. less than 10keV m/s can be
obtained, although the U, direction is opposite to the modeled one
there.

V. SUMMARY

The direct observation of the non-locality of the non-diffusion
term in transient electron thermal transport, associated with outward
heat convection, was successfully performed in the condition that on-
axis MECH was applied to the plasma sustained by off-axis ECH. In
this experiment, the on-axis MECH power and off-axis ECH power
were comparable so that the dynamic transport behavior between pos-
itive and negative gradient regions was observed in the transport

Phys. Plasmas 29, 032504 (2022); doi: 10.1063/5.0074351
© Author(s) 2022

29, 032504-8


https://scitation.org/journal/php

Physics of Plasmas

hysteresis phenomenon. One other item of interest would be a case
where the off-axis ECH power is much larger than the on-axis ECH
power. Suppose the steady-state negative gradient on the electron tem-
perature (—V T, < 0) can be formed, even under steady-state on-axis
ECH, together with steady-state off-axis ECH. In that case, the steady-
state significant positive electron heat flux is expected in counter-
gradient electron thermal transport, where radiation loss, as well as
thermal relaxation to ions, can be neglected, compared to the on-axis
ECH power density. This type of experiment will promote building a
model for non-diffusive counter-gradient transport.
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APPENDIX A: ELECTRON DENSITY PROFILE
DURING MECH

The n profile was almost unchanged during MECH. The rea-
son is discussed in terms of the ECH-driven neoclassical particle
flux. The description of the GSRAKE code is found in Sec. IV C.
Figure 12 shows a result of neoclassical transport calculations with
the GSRAKE code in the MECH experiment at 4.700 s on the off-
axis ECH phase and at 4.466 s on the on- and off-axis ECH phase.
On-axis ECH changes the T, profile from hollow to peaked, while
the n. profile is almost unchanged. Due to the lack of T; measure-
ment at 4.466 s, the T; profile at 4.466 s is given as the same as that
at 4.700 s. The ambipolar E, at the off-axis ECH phase is slightly
smaller than that at the on- and off-axis ECH phase. The main con-
tribution to the changes of V. and y, is caused by the —V T, change.

Dotted lines: on- and off-axis ECH (#166307, 4.466 s)
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Surely, —V T, directly affects the neoclassical particle transport.
However, the time scales of particle transport and heat transport are
different. The timescale on the electron particle flux, agy/(I'e/neTe),
is at least five times longer than that on the electron heat flux,
ag9/(ge/ne), in 0.5 < p < 0.9 for the off-axis ECH case and in 0.3
< p < 0.9 for the on- and off-axis ECH case. Here, a99 = 0.61 m.
The particle confinement time, 7, = [;,7.dV/§,T'cdA, is estimated to
be 7, = 1.2 s for the off-axis ECH case and 7, = 0.9 s for the on-
and off-axis ECH case, which are longer than the modulation half
period of 0.25 s. Here, A denotes the plasma surface area, normally
defined at the last closed flux surface (LCFES, p = 1). However, neo-
classical § A(p)l"edA(p) decreases toward the LCFS. Thus, we evaluate
it at p = 0.64, where the maximum §A( »TedA(p) can be obtained.
The above evaluation suggests that the 7. profile is almost unchanged
by the change of the ECH-driven neoclassical particle flux during
MECH, compared to the fast change in the T, profile.

APPENDIX B: CHANGE IN PLASMA STORED
ENERGY

In the MECH experiment shown in Fig. 4, the plasma stored
energy W, decreases by 35% at most after turning off the on-axis
MECH. Figure 13 shows the time evolution of W}, in comparison to
the ISS04 scaling (International Stellarator Scaling proposed in
2004).” Here, the plasma stored energy of 18504, W™, at the
steady state is given by

W;SSOAL — P’C}ESS(M =0. 134(12'28R0'64P0'39?125430'84 ( 12/3 /27_[)0.41 ,

where a=0.63 m, R=3.6 m, i, =23 x 10 m > B=275T,
1r/3/2n = 0.65, P=1.52MW for the turn-on phase of on-axis
MECH, and P=0.80 MW for the turn-off phase of on-axis MECH.
This result shows that the experimental W}, asymptotes to the 15504
scaling during the turn-on phase of on-axis MECH, while the
experimental W, decreases worse than the scaling. The scaling of
WISS04 o PO39 cannot explain 35% reduction of the experimental
W,. The line-averaged n., the n. profiles, and the parameters
related to the scaling did not appear to change during the MECH
period. This result suggests that hollow T. profiles with off-axis
ECH degrade the plasma confinement, relaxing the state beneath
the scaling. Nevertheless, experimental data in wide ranges of the

#166307
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FIG. 13. Time evolution of W, compared to the ISS04 scaling.
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scaling parameters should be accumulated to discuss the confine-
ment property of LHD plasmas with hollow T, profiles.

APPENDIX C: EFFECT OF NON-THERMAL
ELECTRONS

The effect of non-thermal electrons is more or less included in
ECE signals, especially near the core, while the TS diagnostic is less
sensitive to non-thermal electrons. The diamagnetic loop measures
all contributions in principle. Figure 14 shows the time evolution of
the diamagnetic stored energy W, 4i. in comparison to the kinetic
stored energy in the MECH experiment. The diamagnetic stored
energy is the same as shown in Fig. 4(c). Here, the electron kinetic
stored energy Wy, was estimated by integrating the product of n.
and T, by the plasma volume. Regarding the ion kinetic stored
energy Wpi, we assumed that impurity carbon ions C° were
included in the deuterium plasma due to carbon divertor plates in
the LHD. The deuterium ion density and the carbon ion density
were obtained from Zs and charge neutrality, respectively. The ion
temperature T; was measured with CXS and short-pulse diagnostic
perpendicular NBI at 4.7 and 6.5 s only, so that T; during the ECH
phase was assumed to be the same as T at 4.7 s, and T; during the
tangential NBI phase was linearly interpolated with T; at the two
timings.

During the MECH phase (from 3.3 to 4.8 s), we are focusing
on in this paper, 2Wpe was overestimated due to T, > T;, while
Wpe + Wi was lower than W), 4ia by 20% at most. During the tan-
gential NBI phase (from 5.1 s), even 2W,,. was lower than W, g,
although still T, > T; in the whole region. In addition, Wy, + Wy,
was much lower than W, 4i,. These results imply that non-thermal
electrons during the MECH phase and high-energy ions during the
tangential NBI phase give rise to anisotropic pressure that contrib-
utes to the diamagnetic loop measurement. On the other hand, dur-
ing another ECH phase (from 4.8 to 5.1 s) connected between the
MECH phase and the tangential NBI phase in this discharge,
Wpe + Wpi was close to W, gi, at 5.1 s where heating was switched
from ECH to NBI. The slowing down time of high-energy electrons
due to collisions with bulk electrons is estimated, and it is ~20 ms

#166307
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FIG. 14. Time evolution of diamagnetic stored energy in comparison to kinetic
stored energy.
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for electrons at half the speed of light. Thus, the effect of non-
thermal electrons is expected to disappear quickly, and high-energy
ions are expected to be few at 5.1 s.

Nevertheless, the diamagnetic stored energy is generally influ-
enced by the plasma current, volume change with the finite /5 effect,
and high-energy charged particles. Therefore, in order to verify the
effect of non-thermal electrons specifically, comparisons between
diamagnetic and kinetic stored energy should be carefully and sta-
tistically investigated, such as in a wide range of the electron den-
sity, heating power, plasma current, and plasma volume, which we
believe is beyond the scope of this paper.

Although we expect that non-thermal electrons change dia-
magnetic stored energy and may have possibility to change ECE
spectra, in general, at the on-axis ECH location, at least T. mea-
sured with the ECE diagnostic, which was calibrated with the TS
diagnostic during the tangential NBI phase, was in good agreement
with T, measured with TS within 20% both in the tangential NBI
phase and in the MECH phase, at the outside of the on-axis MECH
location, e.g., at 1 = 0.21 and 0.40 m, where the electron heat flux
was evaluated. Thus, this evidence does not change the conclusion
through evaluating the electron heat flux presented in this paper.
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