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In response to recent upgrade of the raytracing code for the electron cyclotron resonance heating (ECH) in
LHD, transient electron thermal transport is reanalyzed. The upgraded code LHDGauss-U takes into account the
oblique injection of the ECH ray to magnetic field line. The obtained results show reduced transport hysteresis
widths by up to ∼ 20% where the heating absorption is less significant, but qualitative features of the transport
hysteresis reported in previous studies are found to be preserved.
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1. Introduction
One of the ultimate goals of plasma physics research

is to obtain a reasonable model for plasma thermal trans-
port. It is believed that the heat flux in magnetically con-
fined high temperature plasmas cannot be expressed by
the simplest “Fick’s law”, where the heat flux is mod-
eled to be proportional to the local temperature gradi-
ent [1]. Instead, a wide variety of models, including
the diffusion-convection model [2–5], the critical gradi-
ent model [6, 7], nonlocal models [8–14], models includ-
ing off-diagonal contribution [15–17], and others were de-
veloped for comprehensively describing the complicated
transport phenomena.

Electron transient heat flux components having two
different time scales were found in modulation electron cy-
clotron resonance heating (ECH) experiments. They are
the conventional diffusion flux that slowly varies with the
local gradient and a nonlocal flux that quickly increases
(decreases) when the ECH is turned-on (turned-off). The
latter component evolves independently of the local gra-
dient but with the injected ECH power. Therefore, tra-
jectories in the flux-gradient relation when the ECH is
applied or not applied tend to differ, drawing a hystere-
sis loop when the nonlocal heat flux component is promi-
nent [12–14, 18, 19].

Analysis of the heat flux evolution is performed based
on the measured electron temperature response to the mod-
ulation ECH and the calculated ECH absorption profile by
raytracing codes. Recently the raytracing code for LHD,
LHDGauss [20], is upgraded. The new raytracing code
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LHDGauss-U accounts for the oblique injection of rays to
magnetic field line in the ECH absorption coefficient calcu-
lation [21]. In this paper, heat flux evolution shown in [14]
is reanalyzed using LHDGauss-U. Although the hystere-
sis trajectory previously obtained slightly shrinks by up to
∼ 20% where the heating absorption is less significant,
qualitative features of the transport hysteresis presented
in [14] are preserved.

2. Results
Figure 1 shows the ECH injection configuration on (a)

poloidal cross section and (b) top view. The ECH focal
point is expressed on a target plane, the plane perpendic-
ular to the major radius at R = 3.9 m in front of the ECH
injection port (the outer port # 2). The horizontal and ver-
tical coordinates of the focal point are denoted as Tf and
Zf , respectively. With a toroidal magnetic field strength
of Bt = 2.75 T (the standard field strength), the 77 GHz
microwave for the ECH does not have the resonance in
front of the launcher as shown in Fig. 1 (b). To meet the
resonance with the ordinary-mode heating, the launcher
must be directed toward either toroidal directions. With
this oblique injection operation, the heating beam has a
finite angle with respect to magnetic field line. For tak-
ing into account the oblique injection of ECH to magnetic
field line in the absorption coefficient calculation [21], an
upgrade is performed for LHDGauss code. Now the new
code in which the oblique injection of ECH is accounted
is called LHDGauss-U hereafter. Validity of LHDGauss-U
is examined by the modulation ECH experiment, where a
more reliable ECH absorption profile being similar to the
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modulation phase delay profile is obtained by LHDGauss-
U.

Transport analysis is performed for the dataset of the
isotope effect study [14]. Three representative shots having
different D/H ratio of 89% (# 146822), 60% (# 147882),
and 4% (# 152229) are focused upon. They are called the
D plasma, the mixed plasma, and the H plasma, respec-

Fig. 1 Schematics of ECH injection configuration on (a)
poloidal cross section and (b) top view. Magnetic sur-
faces and resonant surfaces correspond to slices along the
ECH rays.

Fig. 2 Radial profiles of electron temperature and electron density (first row), ECH absorption power and power density calculated by
raytracing codes (second row), and the transport hysteresis width (third row) for (a) D, (b) Mixed, and (c) H plasmas.

tively. Here, the D/H ratio is evaluated as IDα/(IDα + IHα ),
where IDα and IHα are the intensities of the Dα emission
and the Hα emission measured by a passive spectroscopy,
respectively. The experimental conditions are as follows:
the magnetic field strength of Bt = 2.75 T, the magnetic
axis of Rax = 3.6 m, the NBI power of PNB = 3.6 MW
(balanced) for the base plasma sustainment, and the line
averaged density of n̄e ∼ 1.3× 1019 m−3. Modulation ECH
of ∼ 1 MW rectangular waveform with the frequency of
23 Hz is applied by a 77 GHz gyrotron. Electron tempera-
ture response synchronizing the modulation ECH is diag-
nosed by an electron cyclotron emission (ECE) radiometer
system.

Long-time averaged profiles of the electron temper-
ature and the electron density are shown in the first row
of Fig. 2. Density profile is almost identical for three
shots, and characterized by a hollow shape. Peaking of
the electron temperature is more visible as the deuterium
content increases, likely due to easily formed electron in-
ternal transport barrier in deuterium plasmas by an iso-
tope effect [14]. The ECH absorption profiles are calcu-
lated by two ray tracing codes, LHDGauss (conventional)
and LHDGauss-U (oblique injection accounted) as shown
in the second row of Fig. 2. Compared to the results of
LHDGauss, the ECH absorption power density profile cal-
culated with LHDGauss-U shows a prominent peak in the
core region (reff < 0.05 m) and a long tail in the outer radii
(reff > 0.15 m). However, due to a small contribution of
core quantities to the volume integral, the power absorp-
tion profile is extended up to approximately reff ∼ 0.3 m. In
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Fig. 3 Flux-gradient diagram at (a) reff = 0.18 m and (b) reff = 0.30 m calculated with LHDGauss and LHDGauss-U.

LHDGauss-U, the realistic angle between the ECH ray and
the local magnetic field line is used in the ECH absorption
coefficient calculation, which makes the deposition profile
more reliable. Total absorption power remains unchanged
before and after the code upgrade. Since the ECH absorp-
tion profile is directly used in calculating the heat flux pro-
file as shown by Eq. (1) in [14], the transport characteristics
are reanalyzed with the newly developed raytracing code.

Flux-gradient relation diagram for the hydrogen
plasma # 152229 is shown in Fig. 3 as an example. Here,
the vertical axes correspond to the fluctuation part of the
electron heat flux divided by the mean local electron den-
sity, q̃e/ne. Cases of two radial positions are shown, reff =

0.18 m and reff = 0.30 m. They correspond to the loca-
tions where the extended tail of the ECH absorption profile
calculated by LHDGauss-U emerges and the ECH deposi-
tion is absent in both codes, respectively. The former case
shown in Fig. 3 (a) exhibits a distinguishable difference be-
tween the results obtained by LHDGauss and LHDGauss-
U. The hysteresis loop taking into account the effect of the
oblique ECH injection shrinks by ∼ 25%. However, a finite
hysteresis width still remains, suggesting the direct impact
of the heating application to the transport not through the
local gradient. The hysteresis widths are almost identical
where the ECH absorption is absent in both codes as shown
in Fig. 3 (b).

The third row of Fig. 2 shows the radial profile of the
transport hysteresis width divided by the mean electron
density, δqjump/ne. The difference between two results is
substantial where the ECH absorption profiles calculated
by LHDGauss and LHDGauss-U are different. The differ-
ence becomes almost invisible in the outer radial locations,
i.e., reff > 0.25 m. By using the LHDGauss-U absorp-
tion profile, the transport hysteresis width profiles become
monotonic decay functions of the radius.

Figure 4 shows the ratio of the transport hysteresis
width calculated by LHDGauss-U to that calculated by
LHDGauss. The hysteresis width is reduced by ∼ 20%
at reff = 0.2 m, and approaches to unity as the radius in-
creases. It turns out that the hysteresis width has been sys-
tematically overestimated by the perpendicular ECH ab-
sorption assumption of LHDGauss, which is now corrected

Fig. 4 Radial profile of ratio of the transport hysteresis
width calculated by LHDGauss-U to that calculated by
LHDGauss.

by using LHDGauss-U. The ratio is approximately inde-
pendent on the plasma deuterium content. Therefore, qual-
itative features of the transport hysteresis presented in [14],
i.e., hysteresis width independent on the hydrogen isotope
fuel contents, is preserved.

3. Summary
In this paper, the heat flux induced by the modula-

tion ECH was reanalyzed based on a new raytracing code
LHDGauss-U, which accounted for the oblique injection
of the ECH ray to magnetic field line. A wider ECH ab-
sorption profile was obtained by LHDGauss-U compared
to a conventional code LHDGauss, which potentially influ-
ences the heat flux analysis. By drawing the flux-gradient
relation obtained with LHDGauss-U, hysteresis widths re-
duced by up to ∼ 20% where the heating absorption was
less significant. The reduction rate of the hysteresis width
was less sensitive to the plasma deuterium content. Quali-
tative features of the transport hysteresis reported in previ-
ous studies were therefore found to be maintained even if
the oblique injection of the ECH ray to magnetic field line
was taken into account.
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