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Abstract. In this study, we perform a comprehensive comparison of the transport hysteresis
width in deuterium (D) plasmas, hydrogen (H) plasmas, and D-H mixed plasmas. The core
focused modulation electron cyclotron resonance heating (MECH) is applied as the heat source
perturbation, and the heat flux is evaluated using the energy conservation equation with the
measured electron temperature response and the ECH deposition profile calculated by the ray-
tracing scheme. Systematic density scan in plasmas with different ion mass reveals that there
is no significant isotope effect in their hysteresis width. It is found that plasmas with heavier

isotope mass can easily form the electron internal transport barrier. As the hysteresis width is
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insensitive to the isotope mass, the classical part of the diffusivity is considered to be responsible

for the isotope effect in the transport barrier formation.

1. Introduction

One of the long-standing mysteries in magnetically confined fusion plasma research is
the hydrogen isotope effect [1, 2, 3, 4, 5]. In the simplest scaling model, i.e., the Bohm
scaling model or the gyro-Bohm scaling model [6, 7, 8], it is predicted that the heavier
the fuel particles are the worse the confinement becomes. However, the experimental
investigations showed the opposite tendency. Many of these studies were based on
the transport analysis using the steady state confinement time or the power balance
diffusivity. As another technique, the thermal transport property can be analyzed from
the plasma response with respect to a fractional perturbation applied on the heating
source, which we call the transient transport analysis [9, 10, 11]. It is known that
the transport coefficients obtained by the power balance analysis and by the transient
transport analysis differ when nonlinearities exist in the flux-gradient relation, e.g., the
critical gradient [10, 11, 12, 13]. All of these analyses implicitly assume that the plasma
thermal transport is uniquely determined by the local plasma parameters.

However, some counter examples for those local transport models have been
reported in particular when the plasma heat source or sink are subject to transient
perturbations, e.g., by the local and intense electron heating [14, 15, 16, 17, 18, 19]

or by the edge plasma cooling [20, 21, 22]. These phenomena are called the nonlocal
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thermal transport [23], and considered to be of great importance for predicting future
reactor performance [24]. Recently, a direct impact of the heating source on the plasma
turbulence and thus on the turbulent transport was experimentally pointed out [18, 19].
Because of this ingredient, the turbulence amplitude is allowed to change immediately
after an additional heat source is applied and before the local parameters change.
This response results in the bifurcation of the trajectory in the flux—gradient diagram
depending on the applied ECH power [25, 26, 27]. In particular, under a modulation
ECH (MECH) application, the trajectory in the flux—gradient diagram draws a loop,
which we call the transport hysteresis. When the transport hysteresis emerges, a single
scalar transport coefficient is found to be no longer valid for representing the transport
property of the high temperature plasmas [28, 29, 30, 31]. A theoretical model predicts
that the magnitude of the hysteresis is more enhanced in lighter isotope mass plasmas,
which results in the confinement degradation and therefore explains the isotope effect
27].

To date, there are few experimental assessments for the isotope effect on the
transient thermal transport such as the transport hysteresis. In this study, in addition
to the recent phenomenological investigations for the heating power dependence [18]
or the density dependence [19] of the hysteresis width, we perform a comprehensive
comparison of the transport hysteresis width in deuterium (D) plasmas, hydrogen (H)
plasmas, and D-H mixed plasmas. The core focused MECH is applied as the heat source

perturbation, and the heat flux is evaluated using the energy conservation equation with
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the measured electron temperature response and the ECH deposition profile calculated
by the ray-tracing scheme. Systematic density scan in plasmas with different ion mass
reveals that there is no significant isotope effect in their hysteresis width. In the low
density plasmas, the internal transport barriers (ITBs) [32] are dynamically formed in
the electron temperature profile with the MECH. It is found that plasmas with heavier
isotope mass can form I'TBs with higher density at a fixed heating power similar to the
case of ITBs in the ion temperature profile [33]. As the hysteresis width is insensitive
to the isotope mass, the classical part of the diffusivity is considered to be essential for
the isotope effect in the density threshold of the ITB.

This paper is organized as follows. Section 2 is dedicated to a brief review of the
hysteresis study, in which the detailed analysis technique and the theoretical background
are exhibited. The experimental setup is given in section 3, and the experimental results
appear in section 4. As an interpretation of the results, a theoretical model involving
the direct impact of the heat source modulation on turbulence is examined in section 5.

At last, the paper is summarized in section 6.

2. A brief review of transport hysteresis

For describing the thermal transport property in plasma, a number of theoretical models
have been developed so far. One of the most commonly used models is the local
diffusion—convection model [10]. An advantage of this model is that the transport

can be expressed only by two scalar coefficients, i.e., the diffusivity and the convective
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velocity. However, if the assumed model is improper in accounting for the actual plasma
transport, obtained results immediately mislead us in interpreting the plasma thermal
confinement [28, 29, 30]. To prevent overlooking phenomena outside the assumed model,
we prefer to directly observe the flux—gradient relation.

Spatiotemporal evolution of the electron heat flux perturbation §.(¢,7) induced
by the heating source modulation Z5(r, t) can be obtained by the energy conservation

equation as

Go(t,7r) = V’l(r) /Or [p(r, t) — ;ne(r, t)aTea(Z’t) V'(r)dr, (1)

where V'(r) is the radial derivative of the plasma volume profile [18, 19]. Data in different
modulation periods are regarded as independent realizations, which are subject to the
conditional ensemble averaging for reducing the statistical noise. By drawing obtained
Go(t, 1) as a function of the local electron temperature gradient, the flux—gradient relation
is obtained.

By performing the flux—gradient relation analysis, the transport hysteresis was
found [18, 19]. The typical transport hysteresis is illustrated in Fig. 1 [27, 34, 35].
There are two different dynamics in the heat flux evolution having fast and slow time
constants. When the ECH is turned on, the heat flux increases with a fast time scale
and a slight change in the electron temperature gradient. It is followed by the heat flux
evolution with a slow time constant, which is well approximated by the local diffusion
model. When the ECH is turned off, a fast drop of the heat flux occurs. Consequent

slow decreases in the heat flux and the local electron temperature gradient finally close



6

the trajectory as a parallelogram loop. Here, the peak-to-peak variations in the heat
flux and in the electron temperature gradient at a single modulation of the heat source
are denoted as dqgcy and —dVTy, respectively. The magnitude of the heat flux “jump”
at the fast time scale immediately after the ECH turn-on or turn-off is expressed as

dGjump- The entire heat flux is therefore modeled as

Je = _neXSIOWVTe + 5qump7 (2)

Slow

>°% is the slow time scale diffusivity. Since the variation in the electron

where x

Slow

temperature gradient at the fast time scale dynamics is negligibly small, x>V is

approximated as

XEIOW ~ _(5QECH - 5qump)/neévTe- (3)

Here, the electron density is treated to be constant in time during the MECH according
to the experimental observation. In this diagram, the heat pulse diffusivity xI
corresponds to the slope of a diagonal connecting the left bottom and the right top.
When §¢jump is absent, x5V is equivalent to ¥ and the local diffusion model holds.
At the moment of the ECH turn-on or turn-off, the heat flux drastically changes
with a tiny change in the local electron temperature gradient. This is the typical feature
of the nonlocal transport, i.e., flux variation not driven by the local gradient. Here, the
contribution of the off-diagonal terms in the transport matrix is also excluded since any
local parameter cannot vary in such a fast time scale. Theoretically, this fast nonlocal

response is modeled to be an enhanced turbulent fluctuation directly driven by the

applied heat source. In other words, the applied heat source is regarded as a “hidden
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parameter”, which induces the bifurcation in the flux—gradient relation. The direct
impact of the heat source on the turbulence is also considered to be strongly related
to the power degradation of the thermal transport [36, 37]. As a different example
of the “hidden parameter” in the flux—gradient relation, the electron density gradient
is claimed to be responsible for the nonlocal cold pulse propagation by only using an

off-diagonal local transport model [38, 39, 40].

3. Experimental setup

The set of MECH experiments was performed in the 20th experimental campaign of
the Large Helical Device (LHD). The magnetic axis and the toroidal magnetic field in
the vacuum configuration are R,, = 3.6 m and By = 2.75 T, respectively. The plasma
minor radius is defined by the effective minor radius in which 99 % of the plasma kinetic
energy is confined, to be agg ~ 0.6 m. The plasma is sustained by two tangential neutral
beams (NBs) injected in the balanced manner to prevent the NB driven plasma current.
The MECH focused on the core is superposed on it to study the heat pulse electron
thermal transport. The electron temperature perturbation is measured by the electron
cyclotron emission (ECE) radiometer [41], whose intensity is calibrated by the electron
temperature data measured by the Thomson scattering [42]. The ECH deposition profile
is calculated by the ray-tracing code LHDGauss [43].

It was demonstrated that the hysteresis width strongly depends on the line averaged

electron density [19]. We refrain to make a one-by-one comparison of plasmas with



Table 1. List of dataset used in the transient transport analysis

Date of experiment Shot numbers Gas puff Beam source

November 28, 2018 146808146824 D D
December 7, 2018 147880147883 H D
February 8, 2019 152210-152237 H H

different isotope contents to avoid an imperfect match of the density, which could
provide an ambiguity to the results. Instead, the line averaged density dependences
of the hysteresis width in D, H and D-H mixed plasmas are compared.

Table 1 summarizes the date of experiment, the shot number, and the plasma fuel
gases. Because the target plasmas are NB produced, not only the gas puff but also the
beam fueling impacts the plasma ion purity. The experiments on November 28, 2018
were performed in the D experiment period, therefore both the gas puff and the beam
were D. Similarly, data from the H plasmas were obtained in the H experiment period
of February 8, 2019, thus H-puff and H-beam were used. On those experiment dates,
the plasma facing components (PFCs) were conditioned by each fuel gas. In addition
to this database, the mixed ion plasma data were obtained using the H puff in the D
experiment period of December 7, 2018. Since the PFCs were maintained by the D
gas, the recycling D from the walls were the dominant particle source in particular in
the low electron density plasma conditions. In order to maintain the desired mixture
rate, intensive discharge cleanings with H puff were performed between the shots. The

shot-to-shot density scan was performed by controlling the gas puff rate with a fixed ion



purity.

Figure 2 shows the experimental condition in the database plotted in the line
averaged density—D/H ratio space. Here, the D/H ratio is evaluated as Ip_/(Ip, + Iy, ),
where Ip, and Iy, are the intensity of the D, emission and the H, emission measured by
the passive spectroscopy, respectively. Each point corresponds to one discharge, where
the time-evolving data are averaged in the time period subject to the transient transport
analysis of ~ 2 s. Temporal variations of the line averaged density and the D/H ratio
in that time period are small, as shown by the error bars for each point. Data from
different experiment dates are characterized by approximately constant D/H purities,
at 89 %, 60 %, and 4 %, which we call the D plasmas, the mixed plasmas, and the H
plasmas, respectively. The line averaged density is continuously scanned both in D and
H plasmas in a wide range, which is sufficient to observe the density dependence in the
hysteresis width [19]. In addition, four data points in low density regime are obtained
from the mixed plasmas. As a representative case comparison among the D, H, and

-3

mixed plasmas, data at the line averaged density of ~ 1.3 x 10! m™3 are chosen. Their

shot numbers are #146822, #152229, and #147882, respectively.

4. Experimental results

4.1. Target discharge

Figure 3 shows the typical time evolution of the plasmas parameters in this experiment.

The injected power of the balanced NBs is approximately 3.6 MW. Short pulse
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injection of a perpendicular NB is performed as the probe beam of the charge exchange
recombination spectroscopy measurement (data are not shown here). Modulation ECH
(MECH) with the frequency of 23 Hz and the amplitude of ~ 1 MW launched by a single
gyrotron is applied. The energy flux from electrons to ions by collision is calculated to
be typically less than 10 kW, which is negligibly small. The MECH power is deposited
nearly on-axis, reg < 0.1 m, where 7 is the effective minor radius [44]. The transient
transport analysis is performed in the time period of the density flat-top, i.e., 3.8 s to
5.6 s in this discharge. The ECE measurement displays a periodic electron temperature
response synchronizing the MECH pulses.

Variation of the long-time averaged mean plasma profiles in the line averaged
density scan is compared in plasmas with different ion species. Figure 4 shows the
electron temperature profile, the electron density profile, and the ECH deposition profile
as a function of the line averaged density and the effective minor radius. When the line
averaged density is decreased, the density profile changes from the hollowed profile to
the peaked profile. The electron temperature profile tends to sharply peak in the low
line averaged density case. In the high density cases, the ECH deposition radius moves
slightly outward because the ECH ray is subject to a flection. Nevertheless, the power is

still deposited within r.g < 0.15 m even in the highest density condition in this database.
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4.2. Electron heat pulse transport

Radial profiles of the electron density and the electron temperature for the representative
discharges for the D, H, and mixed plasmas at the line averaged density of ~ 1.3 X
10 m™3 are shown in Figs. 5 (a) and (b). The mean profiles differ only slightly
regardless of the D/H ratio, in particular where the ECH deposition is absent. Only the
D plasma shows a large electron temperature gradient in the ECH deposition region of
Te < 0.15 m, which is ascribed by the electron internal transport barrier (ITB). We will
show that the I'TB transition condition is more tight in lighter isotope mass plasmas
below.

Figures 5 (c¢) and (d) show the fluctuation power of the electron temperature
perturbation being proportional to the square of the fluctuation amplitude and its
phase difference with respect to the MECH pulse at the fundamental frequency of the
modulation, 23 Hz. At the outer radii with respect to the ECH deposition location,
reg > 0.15 m, the radial derivatives of both the fluctuation power in the logarithmic
scale and the phase difference are almost identical among the D, H, and mixed plasmas.
Note that the vertical offset in the fluctuation power profile is likely due to imperfect
matching of the density profile and ECH power absorption, and is unrelated to the
transport property. As discussed in Refs. [9, 31], the heat pulse diffusion coefficient is a
function of the radial gradients of the fluctuation power and the phase difference when
the electron thermal transport can be approximated by the local model. Differences in

the electron thermal transport property in the D, H, and mixed plasmas are invisible
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where the ECH deposition is absent in the conventional local point of view. Note that
the local thermal transport coefficients are shown to be insufficient to fully express the
electron heat pulse propagation in LHD [28, 30].

In order to compare the electron thermal transport properties in D, H, and mixed
plasmas more in detail, the heat flux evolution is derived using Eq. (1) with the measured
electron temperature response and the calculated ECH deposition profile. The obtained
heat flux is plotted as a function of the local electron temperature gradient as shown
in the flux—gradient diagram in Fig. 6. The trajectories in the flux—gradient relation
when the MECH is on and off clearly differ thus demonstrating the apparent input
power dependence of the heat flux and making the hysteresis loop. The finite hysteresis
widths in the D, H, and mixed plasmas seem to be identical. While, there are noticeable
difference in the modulation amplitude in the electron temperature gradient, which will
be discussed below.

Figures 7 (a)-(c) show the line averaged density dependence of the radial profile of
the hysteresis width in the D, H, and mixed plasmas. The hysteresis width monotonically
decreases as the measurement radius is apart from the ECH deposition radius. In
addition, the hysteresis width decreases as the line averaged density increases, as
reported in [19]. For the quantitative comparison of the hysteresis width, the line
averaged density dependence of the hysteresis widths at reg = 0.14 m, 0.20 m, and
0.26 m are plotted in Figs. 7 (d)-(f). All three plasmas with different isotope mass

show a similar decreasing trend of the hysteresis width with the increasing line averaged
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density at different radii. There is no significant difference in hysteresis widths exceeding
the scatter of the points due to experimental errors in the D, H, and mixed plasmas.

On the contrary to the hysteresis width, there is a noticeable isotope mass
dependence in the modulation amplitude in the electron temperature gradient —dVT, as
pointed out in Fig. 6. The line averaged density dependence of —dVT, is shown in Fig. 8
(a). In the higher density range, —0 VT, is mostly insensitive to the line averaged density.
However, when the line averaged density is decreased below a threshold level, —dVT,
drastically and monotonically raises. Deducing from the clear discontinuous nature of
—0VT, evolution, it is considered that the electron temperature ITB is formed in the
lower line averaged density discharges. The threshold line averaged density is clearly
higher for the D plasma case at fi, ~ 1.6 x 10! m~3 compared to the H plasma case at
fle ~ 1.2 x 10 m™3. A similar isotope mass dependence in the ITB threshold density
is also seen in the ion temperature ITB dynamics as shown in [33].

As discussed above, the hysteresis widths do not depend on the isotope mass of the
plasma. Therefore, the isotope effect in the ITB threshold density should be accounted
for by the slow time scale transport dynamics according to Eq. (2) and Fig. 1. We derive
the line averaged density dependence of the slow time scale diffusivity. Figure 8 (b)
shows the line averaged density dependences of the peak-to-peak heat flux modulation
amplitude normalized by the local electron density dgrcn/ne and the hysteresis width
dqucn/ne. Their difference, i.e., the heat flux driven by the local electron temperature

gradient at a slow time scale, is shown in Fig. 8 (c). It is shown that the heat flux driven
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by the local gradient gradually increases as the line averaged density decreases, and no
discontinuity is seen. The slow time scale diffusivity x>'°¥ defined by Eq. (3) is exhibited

in Fig. 8 (d). When the plasma is in the L-mode state in high density discharges, both

Slow 1.2

X5 in D and H plasmas are scaled by o n_, . The negative exponent on the line
averaged density is suggestive of the density stability effect in the confinement scaling
[37]. As the density decreases, x> drops off from the fi_'? trend, which triggers
the ITB formation. This transition in the x5 trend in D plasmas occurs at the
higher density level than that in H plasmas. The I'TB transition in stellarator devices is
primarily ascribed to be the neoclassical radial electric field transition [32]. It is deduced

that the neoclassical root transition occurs in a higher density range in D plasmas, which

plausibly explains the isotope mass dependence in the transition density threshold.

5. Discussion

According to Refs. [25, 26, 27], the transport hysteresis is considered to be due to the
immediate response of turbulence amplitude to the increased heat input. In that model,

the fluctuation amplitude at the saturation level is predicted as

Iy

[: - 17 -9
I — X0 1kl2

(4)
where [j is the fluctuation amplitude without considering the direct heating effect, xq

is the turbulent diffusion coefficient in the L-mode, k| is the wavenumber of fluctuation

that is of interest, and

_ OPscu
Th = Op.
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is the magnitude of the direct influence of the heating source on the fluctuation
amplitude. The turbulence fluctuation is amplified when the denominator of the term
in the r.h.s. in Eq. (4) is smaller than unity. The time scale of the amplification can
be the ECH power absorption time, which is much faster than that of the fluctuation
growth by the local gradient increase.

If one takes the transport hysteresis into account, the inverse trend of the
confinement isotope effect with respect to the Bohm/gyro-Bohm prediction can be
explained as follows. Bohm or gyro-Bohm scaling gives x¢ being proportional to the ion
mass. Since larger xo provides a larger denominator in Eq. (4), a smaller hysteresis
is expected in the heavier isotope mass. A jump in the flux—gradient relation in
the hysteresis trajectory behaves to reduce the achievable temperature gradient at a
fixed heat input. Therefore, a smaller hysteresis with heavier hydrogen isotope mass is
favorable for obtaining a better confinement, which is an explanation of the transport
isotope effect.

However, the present observation in LHD shows no isotope mass dependence of the
hysteresis width in the D, H, and mixed plasmas. This observation implies that the
turbulent diffusion coefficient yo does not have an isotope mass dependence. According
to Ref. [5], global confinement times of D and H plasmas scale similarly, which supports
this implication. The isotope effect in the I'TB formation is therefore considered to be
not due to the turbulence property itself, but due to the ambient radial electric field

condition.
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Note that Eq. (4) is one of the possible models for explaining the isotope effect in the
hysteresis response of the transient electron thermal transport. For steady state plasmas,
other possible mechanisms were discussed, including the zonal flow effects, [45, 46, 47],
the electromagnetic turbulence effect [47], the trapped electron mode effect [46], the
energetic ion effect [48], and others. Application of these models for the transient
plasma response with some modifications is one of the interesting direction for future

study.

6. Summary

In this study, we performed a comprehensive comparison of the transport hysteresis
width in deuterium (D) plasmas, hydrogen (H) plasmas, and D-H mixed plasmas. The
core focused modulation ECH was applied as the heat source perturbation, and the heat
flux was evaluated using the energy conservation equation with the measured electron
temperature response and the ECH deposition profile calculated by the ray-tracing
scheme. Systematic density scan in plasmas with different ion mass revealed that there
was no significant isotope effect in their hysteresis width. It was found that plasmas
with heavier isotope mass can easily form electron I'TBs. As the hysteresis width was
insensitive to the isotope mass, the classical part of the diffusivity was considered to be

essential for the isotope effect in the I'TB formation.
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Figure 1. Schematic of the flux-gradient relation when the transport hysteresis is present.
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Figure 2. Experimental parameter map in the line averaged density-D/H ratio space for D,
Mixed, and H plasmas. The D/H ratio is given as Ip,/(Ip, + Iu,), where Ip, and Iy, are
the intensity of the D, emission and the H, emission measured by a passive spectroscopy,

respectively.



23

#14613,2' | R 'DeII‘Si'tyfllat'to'I) o 'PI '_
L e,

To [keV] A [101° m=3] P [MW]

letf [m]

© © 90 ® o e e

Tetf [m]

H O

N

o M h oo MM B oo

36 38 40 42 44 46 48 50 52 54 56
Time [s]

Figure 3. Time evolutions of (a) heating power, (b) line averaged density and diamagnetic

plasma stored energy, (c) electron temperature, (d) electron density profile, and (e) ECH

absorption profile.



Tefr [m] Tefs [m]

Ieff [M]

24

Te [keV] ne [101° m—3] Power density [MW/m?3]
2

0.0 !
2 2 2
fe [10° m—3] fe [10° m~3] fe [101° m~3]

Figure 4. Line averaged density dependence of radial profiles of electron temperature (first
column), electron density (second column), ECH absorption (third column) averaged in the

overall analysis time period for (a) D, (b) Mixed, and (c¢) H plasmas.
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Figure 5. Radial profiles of (a) electron temperature profile and ECH power deunsity, (b) electron

density profile, and (c,d) fluctuation power being proportional to the square of the fluctuation

amplitude and phase of electron temperature modulation at 23 Hz.
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Figure 8. Line averaged density dependence of (a) the amplitude in electron temperature
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slow time scale diffusivity.



