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The hydrogen isotope effects of particle transport were studied in hydrogen and deuterium
dominant plasmas of the Compact Helical System (CHS). Longer decay time of electron density after
the turning-off of the gas puffing was observed in the deuterium dominant plasma suggesting that the
recycling was higher and/or the particle confinement was better in the deuterium dominant plasma.
Density modulation experiments showed the quantitative difference of the particle transport
coefficients. Density was scanned from 0.8x10”m™ to 4x10'm™ under the same magnetic field and
the same heating power. In the low density regime (line averaged density <2.5x10'm™), the lower
particle diffusivity and the larger inwardly directed core convection velocity was observed in the
deuterium dominant plasma, while in the high density regime (line averaged density >2.5x10'°m)
no clear difference was observed. This result indicates that the isotope effects of particle transport
exist only in the low density regime. Comparison with neoclassical transport coefficients showed that
the difference of particle transport is likely to be due to the difference of turbulence driven anomalous
transport. Linear character of the ion scale turbulence was studied. The smaller linear growth rate
qualitatively agreed with reduced particle transport in deuterium dominant plasma in low density
regime.

1. Introduction

Hydrogen isotope effects on transport are important for predicting the performance of the future fusion reactor.
In tokamak, the different characteristics of the isotope effects between hydrogen and deuterium plasmas have
been reported. In tokamak, the H mode threshold power is approximately twice higher in the hydrogen plasma
than in the deuterium plasma[1-4]. In JT-60U, for the same absorbed neutral beam power, the ion thermal
diffusivity is approximately twice higher in the hydrogen plasma than in the deuterium plasma. As a result, the
achieved stored energy in the deuterium plasma is twice that in the hydrogen plasma [5], while in helical devices
isotope effects on the energy transport are less clear. In the 0.4AMW ECRH heating in W7-AS, the stored energy
is only 20% higher in the deuterium plasma than in the hydrogen plasma [6]. There are differences in the edge
turbulence characteristics for the hydrogen and deuterium plasmas. In TEXTOR, long range correlation (LRC),
which is a possible indication of the zonal flow, decreases clearly with the increase in the hydrogen content [7].
However, the small decrease in LRC with the increase in the hydrogen content is observed in TJ-II [8]. Such
differences of the isotope effects in tokamak and helical devices suggest that the difference of the magnetic
configuration parameters such as magnetic ripple, magnetic curvature, and magnetic shear play roles. On the
other hand, there is no systematic study regarding the isotope effects on the particle transport both in tokamak



and helical devices. In this article, we report isotope effects on the particle transport for the first time. Experiments
were carried out in Compact Helical System (CHS) at the National Institute for Fusion Science in 1998-1999.
The data are mined and analysed for the isotope effects study. This study also aims to predict the transport
characteristics of deuterium experiments planned from 2017 in the Large Helical Device (LHD). In Section 2,
the difference of the decay time in the deuterium and hydrogen dominant plasma are shown. In Section 3, the
results of density modulation experiments for the quantitative study of particle transports are described. In Section
4, comparison between global energy and particle confinements are shown. In Section 5, the roles of neoclassical
and turbulence driven anomalous transport are discussed from the comparison with numerically calculated
neoclassical particle transport coefficients and linear gyrokinetic analysis. Finally, the results are discussed and
summarized in Section 6.

2. Global behaviour of particle transport in the hydrogen and deuterium plasmas

CHS is an 1 = 2, m = 8 heliotron/torsatron device that started operation in 1988. The major radius is 1.0 m and
the averaged minor radius is 0.2 m. Plasma is produced by 53.2 GHz electron cyclotron heating (ECH) and
additionally heated by the neutral beam injection (NBI) [9]. In the series of experiments, the toroidal magnetic
field was 0.88T. The particle transport study was performed for the NBI heating phase. The magnetic axis position
(Rax) was 0.92m. At Rix = 0.92m, a good performance of global energy confinement was reported due to the
smaller helical ripple and a good NBI deposition compared with the other magnetic axis positions [10]. At
Rax=0.92m, the plasma inner boundary of the vertically elongated cross section attaches to the inner vessel wall.
Thus, the recycling effects are relatively stronger compared with the outer axis configurations. The effect of the
recycling should be considered in order to investigate the particle transport.
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Fig. 1 Chord positions of HCN laser interferometer in CHS

First, for the study of global particle transport, the temporal evolutions of the electron density were
investigated. The two-channel interferometer by using a 337um wavelength HCN laser at the horizontally
elongated cross section [11] was used for the study of the particle transport. The chord positions are shown in
Fig.1. One chord passes at the plasma center (z=0), the other scans from z=- 0.053 ~ - 0.136m shot by shot. The
series of scans covers almost the entire regime of the plasma.

Figure 2 shows the comparison of the time evolution for the hydrogen and deuterium dominant plasmas.
After the production of plasma by using 53.2GHz ECRH, the plasma was heated by the 200kW neutral beam
injection. The data set was composed of the five reproducible shots. The injected neutral beam species was
hydrogen. The hydrogen and the deuterium fueling gases were switched in the series of shots. As shown in Fig.
2 (a-1) and (b-1), the decay times of density are clearly different in the hydrogen and deuterium dominant plasmas.
The density decay time at the central chord of z =0 m is 20 msec and 120 msec in the hydrogen and deuterium
dominant plasmas, respectively. The difference of factor 6 was observed. However, the decay time is determined
partly by the particle transport and partly by the recycling effects. Both effects are not distinguishable from these
observations. The observed difference of the density decay does not prove the conclusive remarks. However, the
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observed difference of the density decay time motivated us to perform further study of the particle transport.
Then, gas puff modulation experiments were performed for the quantitative study.

The difference of the global energy confinement time (tg) is much more modest. It is only 20% longer in the
deuterium dominant plasma than in the hydrogen dominant, as shown in Fig. 2 (a-2) and (b-2). The enhancement
of tg almost disappears after the normalization by ISS95 scaling [12].

Figure 3 shows the expanded views of Fig. 2 (a-1) and (b-1). As shown in Fig. 3 (b), in the deuterium
dominant plasma, sawteeth-like oscillations are excited. According to the previous study [13], this sawteeth-like
oscillation is likely to be due to the fast-ion-driven instability. On the other hand, such oscillations are not visible
in the hydrogen dominant plasma as shown in Fig. 3 (a). The difference of the observation of the sawteeth-like
oscillation suggests that fast ion confinement is better in the deuterium dominant plasma.
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Fig. 2 Comparison of discharges in the hydrogen (a-1,2,3) and the deuterium dominant (b-1,2,3) plasmas.

(a-1) (b-1): line integrated density; (a-2) (b-2): global energy confinement time; (a-3) (b-3): H factor.

z in (a-1) and (b-1) are the vertical position of horizontally viewing interferometer chord as shown in Fig. 1. z= 0 is the
chord at the plasma center, z = - 0.053, - 0.073, - 0.093, - 0.116, and - 0.136 m correspond to the tangent position of the
normalized minor radius p=0, 0.35, 0.42, 0.49, 0.55, 0.62, 0.77, and 0.91, respectively. The line-integrated density
0.5x10'" m™ at z = Om, corresponds to the line-averaged density 1x10'"m for the path length 0.5m of the chord.
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Fig. 3 Expanded view of Fig. 2 (a) hydrogen and (b) deuterium dominant plasma.
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3. Quantitative analysis of particle transport in hydrogen and deuterium plasmas
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3.1 Analysis procedure of density modulation experiments

For the quantitative study of particle transport, density modulation experiments were conducted. From the radial
propagation of modulated density, the diffusion coefficient (D) and convection velocities (V) are separately
estimated. The separate estimations of D and V are essential advantages of this technique. This is because almost
all density profiles in tokamak and helical devices have a finite density gradient in the particle source-free region.
This observation indicates that finite particle convections exist in this region. The separate estimation is not
possible from the particle balance in the equilibrium state.

The analysis techniques used in this article are based on Gentle’s method [14] using the numerical technique
[15,16]. This analysis technique deduces D and V as fitting parameters. In this analysis, the absolute values of a
particle source, which are technically difficult to measure, are not necessary. This analysis technique has been
also applied in ASDEX [17], W7-S [18] and LHD [19].

Takenaga proposed a different analysis technique [20]. In this technique, D and V profiles are directly
obtained from the spatial profiles of the modulation amplitude and phase. This technique does not require any
spatial model of D and V. However, the technique is applicable only for the source-free region. Also, the results
of D and V are sensitive to the gradient of measured phase and amplitude of density modulation. In the case of
CHS, the measured quantity of density modulation from the interferometer is a line integrated quantity. Thus, it
is not easy to obtain radial profiles from inversion procedure. Therefore, a technique based on Gentle’s schema
was used.

The following are particle balance equations of the modulation components in the cylindrical coordinate.

I'=-DVn,+nV (1)
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ot r or (2)
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o, (1 1eD VYo, (V 1V). . S
—— | = —|—+——1n,, +—n,, +—=0 7
or r Dor D) or rD D or D D
o’n on
#Jr(l ia—D—Kj&—(L‘Fia—VJﬁe[—gﬁm —0 (8)
or r Dor D) or rD D or D

Here, the subscript eq indicates equilibrium components, the tilde modulation components S particle source rate,
o modulation frequency, the subscript R real part of modulation components, and the subscript I imaginary part
of modulation components.

In the particle balance equation (eq.(2)), the modulation components are treated independently of the
equilibrium components. Then, the frequency o modulation components of the particle balance equation are
described by eq. (5). The modulation components are complex functions and consist of real and imaginary parts
(eq. (6)). Then two equations (eq. (7) and (8)) are obtained. Here, the phase of the particle source is neglected.
This can be justified since the penetration speeds of neutral hydrogen and deuterium are order of km/s, while the
speed of propagation of the modulation amplitude is of the order of several or several tens m/sec.
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In this analysis, we used the three fitting variables for D and V. One is the spatially constant D, and the other
two are V at p= 0.6 and V at p = 1.0 as shown in Fig.4 (a). The convection velocity is zero at p = 0, then it
increases linearly to Veore at p = 0.6, and then it changes linearly from Veore at p = 0.6 t0 Vegee at p = 1.0. The
turning point of V was set to be p = 0.6, since the equilibrium density profile changed its gradient at around p =
0.6, suggesting that the particle transport changed at this location. In the series of experiments, the modulation
frequency was set to be 100Hz. A frequency of 100Hz was sufficiently low in order to have a phase shift and
sufficiently high in order to have several periods in the analysis time window. The particle source is also a key
quantity. The profile of the particle source was taken from the analytical model of the hydrogen ionization rate,
which is used in the energy balance analysis code PROCTR [21]. The penetration of the neutral hydrogen and
deuterium can be different. However, according to the 3D Monte Carlo study in LHD, the difference was fairly
small. Thus, the same particle source profiles were used for the analysis of both hydrogen and deuterium dominant
plasmas.

Figure 4 shows the procedure of the analysis of modulation experiments to determine D and V. At first, the
initial value of modeled D and V of Fig. 4 (a) and the particle source of Fig. 4 (b) are given in egs. (7) and (8).
Then, the real and imaginary parts of modulation components 71, ,1,, are obtained. The absolute value of the
particle source is not necessary in this analysis and is an arbitrary value. With arbitrary value of particle source
arbitrary values of solution egs. (7) and (8) are obtained as shown in Fig. 4 (c). However, coefficients of egs. (7)
and (8) including D and V does not change. These solutions are integrated along the interferometer channels.
Then, the integrated modulation amplitude and phase are obtained by the following equations,

m'amp(Ch) = \/(f ﬁeRdl )2 + (f ﬁel dl )2 (9)

mfphase(Ch) = tan_l(f flgr dl /f flerdl ) . (10)

The line integrated modulation amplitude and phase, which are given by eqs. (9) and (10), are compared with the
modulation amplitude and phase, which are measured by the interferometer. Finally, the iterative fitting procedure
is performed to minimize the following y* in order to obtain the optimized D and V. In eq. (11), the subscripts
exp and calc indicate the experimental values and the calculated values, respectively. Such D and V account for
the experimental observations as shown in Fig. 4 (d).

~ ~ 2 ~ ~ 2
XZ = Zch {(f neRexpdl - fneRcalc dl ) + (f neIexpdl - fnelcalc dl) } (11)
fﬁeRexpdl = mamp Cos(mphase) (12)
fﬁelexpdl = mamp Sin(mfphase) (13)

Figure 4 (e) shows examples of the line integrated density measured by the interferometer. Figure 4 (e)
consists of five reproducible shots. The analysis windows are 40-100msec, which covers 4 — 10 modulation
periods. The time window is determined in order to keep density approximately within +-20% of the averaged
values of the analysis time window. These analysis windows are sufficiently long in order to determine the
modulation amplitude and the phase by the correlation analysis.

Figure 4 (d) shows an example of the fitting. The measured line integrated amplitude and phase agree with
the calculated ones with Dinog=0.19+-0.02 m?/sec, Vinod (p=0.6)=-9.8+-1.5m/s, and Vimoa (p=1.0)=-3.6+-2.9m/s.
The error of Dmod and Vmeda comes from the error of the experimentally measured amplitude and phase from the
correlation analysis between interferometer chords. The experimental error was defined as the variation of the
phase and amplitude within the frequency peak at correlation spectrum. For the y? fitting, these errors were added
as a standard deviation of Gausian distribution. This error sensitivy study was repeated 100 times. Then, the
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100 sets of Dmod and Vimeqa Were obtained. Finally, the standard deviation of Dmod and Vmed of 100 times error trial
were defined as error of Dmod and Vmed. This fitting technique is the same one as used in LHD modulation
experiment analysis [22].

The subscript “mod” is added to D and V in order to distinguish equilibrium values. The coefficients D and
V from the modulation experments can be different from D and V in the equilibrium state [23]. In the analysis of
LHD [19,22], D and V are determined to fit both modulation and background equilibrium profiles simultaneously.
The calculation in LHD is based on the assumption that D and V from modulation and equilibrium agree with
each other. But in the analysis of CHS, fitting was done only for modulation components. This is because in CHS
particle fueling from NBI is not negligible particularly in the low density regime, and the beam fueling affects
the density profile in addition to transport effects. On the other hand, the particle fueling from the beam is fairly
small in LHD and the density profile of equilibrium is determined by the transport only.

3.2 Comparison of the particle transport in the hydrogen and deuterium dominant plasmas

Figure 5 shows the temporal evolutions of the central line-averaged-density in the modulation experiments. By
changing the external fueling rate, low (0.8-2x10'°m) and high (2-4x10""m) density shots were obtained in the
hydrogen and deuterium dominant plasmas. The same density regime was tried. However, in the deuterium
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Fig. 5 Time trace of central line-averaged-density in the modulation experiments. From two series of
experiments, four cases of different density regimes were analyzed for the hydrogen and deuterium dominant
plasmas.
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dominant plasmas, density did not reduce less than 1x10'”m™. This result suggests that the recycling is higher
and/or particle confinement is better in the deuterium dominant plasma. This result is also similar to the
observations in Fig. 1. Experiments were carried out for the two series for both hydrogen and deuterium dominant
plasmas. The analysis was performed for the different time windows of the different averaged density. In total,
four different density cases were obtained both for the hydrogen and the deuterium dominant plasmas.

The fueling ratio np/(ny+np)x100 (%) between hydrogen and deuterium is a key parameter for this
experiment. Figure 6 shows spectra of around Ha and Da. Fueling ratio was estimated from the intensity ratio
of Ha and Da.. In the low density shot (0.8-2.5x10'm™), the fueling ratio was 11% in the hydrogen dominant
plasma and 63% in the deuterium dominant plasma. In the high density shot (2.5-4x10'°m™), the fueling ratios
were 19% and 82% in the hydrogen dominant and deuterium dominant plasmas, respectively.

Figure 8 shows density dependence of Dmod and Vimed. The horizontal error bars indicate the density regime
of the analysis time window. The vertical error bars indicate the fitting error of the analysis. The difference of
estimated Dimod and Vimod is seen at ne 5,<2.5x10"m>, and almost no difference is seen at ne p>2.5x10"m. This
tendency is the same as the difference of the density profiles in Fig. 7. At ne var<2.5x10'*’m™, Dimoa becomes clearly
lower in the deuterium dominant plasma than in the hydrogen dominant plasma. The global particle confinements
are approximately determined by the edge diffusion coefficients [14]. Thus, the obtained results indicate that
particle transport is better in the deuterium dominant plasma at ne par<2.5x10""m=.

The convection velocity at p=0.6 is more inwardly directed in the deuterium dominant plasma than in the
hydrogen dominant plasma at ne v.<2.5x10°’m>. On the other hand, the convection velocity at p=1.0 is more
inwardly directed in the hydrogen dominant plasma. The analysis of modulation experiments does not take into
account equilibrium profiles. However, the observed differences of Vimoa(p=0.6) and Vm.a(p=1.0) qualitatively
agree with the difference of equilibrium profile at ne 5<2.5x10""m=, where there are steeper density gradients at
p =0- 0.6 in the deuterium dominant plasma and steeper density gradients at p=0.6-1.0 in the hydrogen dominant
plasma.
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Fig. 8 Density dependence of (a) Dmod, (b) V(p=0.6), and (c) V(p=1.0) in hydrogen and deuterium dominant
plasmas.

4. Comparison of energy transport

In this section and in the following section, transport properties are studied regarding the normalised collisionality
dependences. Transport characteristics can be a function of normalised parameter, since transport scaling is often
a function of such normalised parameters. In this series of experiments, the scan of the density changed the
collisionality around one order of magnitude in the hydrogen dominant plasma and factor five difference in the
deuterium dominant plasmas. While other normalized plasma parameters such as beta or normalized ion Larmor
radius did not differ in this series of experiments very much, because Bt was fixed at 0.88T, heating power was
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fixed at 500kW. Thus, collisionality is only available normalized parameter to survey. Collisionality is also
important both for neoclassical and anomalous transport. Neoclassical theory shows different transport
characteristics according to the collisionality. Turbulence theory tells increase of the collisionality can stabilize
or destabilize turbulence depending on the modes.

We use the following normalized collisionality vi" , which is defined as follows for the investigations [19].

V¥ = Vei/(geffz/ZVTe/qR) (14)

In eq. (14), v.; is the electron ion collision frequency, Vr. is the electron thermal velocity, ¢ is the safety factor
and R is the major radius, &sis an effective helical ripple. This effective helical ripple is the representative value
of the magnetic ripple amplitude for multiple helicity and is defined as [24,25]:

2/3
L =(%1Dj (15)

16 vﬁ

Here, v, vs and D are the collision frequency, the drift velocity, and the particle diffusion coefficient in the
enhanced helical ripple-trapped region, which is the so-called 1/v region, respectively. w'=1 corresponds to the
boundary between 1/v and plateau regime. Thus, w" is a useful normalization to find the contribution of
neoclassical transport. At 1, <1, neoclassical contribution becomes enhanced.

Figure 9 shows 1" dependence of the global energy and particle confinement time (t,). In Fig. 9, the global
particle confinement time is defined by the following equation [26].

a?

T =
P 576D

(16)

Here, a is minor radius. D is diffusion coefficient. In eq. (16), the Dmoqg was used for D. Equation (16) is obtained
by the boundary condition of the solution of the particle balance equations under the condition without particle
source and diffusion coefficient is spatially constant. Contribution of convective particle transport was neglected.
However, unlike decay time in Fig. 1, the recycling effects are not included and t, is actual particle confinement
time. The following are concluded from Fig. 9. Firstly, 1, is around factor 5-20 longer than t.. Generally, both t.
and 1, decrease with decrease of w" and at higher collisionality, t. and t, are almost similar both in deuterium
and hydrogen dominant plasma. At w," ~3, 1. is longer in hydrogen dominant plasma, while 7, is longer in the
deuterium dominant plasma. This suggests that isotope effects are different in energy and particle transport at low
collisionality regime.
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Fig. 9 Comparison of global confinement time of (a) energy and (b) particle transport.
9



In the series of density modulation experiments, reliable ion and electron thermal conductivities were not
obtainable. This is because the spatial profiles of NBI energy deposition and the charge exchange loss of NBI
were difficult to estimate at the low density regime. But, here, we make a quantitative comparison of energy
transport from the profiles of density modulation experiments. Figure 10 shows comparison of ne, T., and T;
profiles in the deuterium dominant and hydrogen dominant plasmas of modulation experiments. Figures 10 (a)-
(c) are profiles at ne var=1.5x10"m=, and (d)-(f) are at n p=2.5x10""m. As shown in Fig. 9 (a), the density
profile in the deuterium dominant plasma is more peaked. The differences of the T. and T; profiles are almost
within error bars. However, there are some noticeable differences. In the low density regime (ne pa=1.5x10"m"
3), Te is slightly higher in the hydrogen dominant plasma while T; is almost identical. In the high density regime
(ne par=2.5x10"m), Te is almost identical, and T; is slightly higher in the hydrogen dominant plasma. There is
no indication of better ion and electron energy transport in the deuterium dominant plasma even in the low density
regime. Higher T. with higher n. at low density regime in hydrogen dominant plasma (Fig.10 (a) and (b))
corresponds to the longer energy confinement time in Fig.9 (a)
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Fig. 10 Comparison of ne, Te, and T; profiles in deuterium and hydrogen plasmas for (a)-(c) low density regime
and (d)-(f) high density regimes of density modulation experiments. Profiles are accumulated and averaged in
analysis time windows.

5. Role of neoclassical and anomalous transport

In this section, the roles of neoclassical and turbulence driven transports are investigated through comparison
with numerical calculation.

5.1 Neoclassical transport

Neoclassical particle transport coefficients are calculated by GSRAKE [24] for the data set of density modulation
experiments. The neoclassical particle flux is given by the following equation [27]:
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In eq. (17), D is the neoclassical particle diffusion coefficient (D neo) for electron and E; is the neoclassical E: field,
which is self consistently determined to satisfy the ambipolarity condition by GSRAKE. The neoclassical particle
convection velocity for electron was defined from the comparison between eq. (1) and eq. (17) in the following
equation:

I D \Y
Veineo = _Dl eT’” +(_2_§j 2 (18)

D¢ neo and Ve neo are compared with Dmog and Vmed. In order to calculate De neo in €q. (17) and Ve neo, 100%
deuterium and 100% hydrogen ions were used for the deuterium dominant and hydrogen dominant plasma
respectively. However, the difference of the ion species (H+ or D+) negligibly affects electron neoclassical
transport coefficients. They affect ion neoclassical transport coefficients only. Diffusion coefficients and
convection velocities of deuterium ion become larger than those of hydrogen ion.

Figure 11 shows comparison of experimental and neoclassical diffusion coefficients and convection
velocities in low density cases. Input profiles of neoclassical transport are shown in Figs. 10 (a) — (c). As shown
in Figs.11 (a) and (c), the experimental diffusion coefficients dominates neoclassical values in almost the entire
region. As shown in Figs. 11 (b) and (d), the experimental convection velocities are directed inwardly, while
neoclassical ones are directed outwardly.
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Fig. 11 Comparison of experimental D and neoclassical V (a), (b) in deuterium dominant plasma, and (c), (d)
in hydrogen dominant plasma in low density case (Fig.10 (a) - (¢))

Figure 12 shows w" dependence of diffusion coefficients and convection velocities of dataset of density
modulation experiments. As shown in Fig. 4 (¢), the peak of the modulation amplitude is at around p = 0.7, thus,
the estimated Dmod and Vimed have weights around this location. Therefore, the comparisons were made at p = 0.7.
As shown in Fig. 12, experimental diffusion coefficients are around one order of magnitude larger than the
neoclassical values in all the data sets. Also, experimental convection velocities are directed inwardly, while
neoclassical convection velocities are directed outwardly in all the data sets. These results suggest that the
observed differences of the particle transport are not due to the neoclassical effects but to the turbulence driven
anomalous effects.
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Fig. 12 w" dependence of diffusion coefficients and convection velocities of data sets of density modulation
experiments. The values at p = 0.7are shown.

5.2 Turbulence driven anomalous transport

In order to investigate the role of the turbulence driven transport, linear characteristics of ion scale turbulence
(kp;i=0.1~2, k is the poloidal wavenumber, p; is the ion Larmor radius) were studied by GS2 [28]. GS2 is a local
flux tube gyrokinetic code used for linear and non-linear simulation of toroidal devices. The equilibrium of
experiments of the dataset were calculated by VMEC [29], then, the magnetic properties of equilibrium were
obtained by using GIST [30], and finally, grid data for GS2 were made by PPPL grid generator [31]. GS2 was
benchmarked with GKV-X for ITG linear calculation in LHD [31], and quasi linear calculations of carbon particle
flux were performed in LHD [32]. The linear stability analyses were performed for the kinetic motion of three
charged particles, which are electron, deuterium ion, and hydrogen ions. In these analyses, collisions between
charged particles were taken into account and electrostatic approximation was made.

We compared the linear spectrum and surveyed parameter dependence of linear growth rate (y) and real
frequency (). Here, for the comparison, the same unit is used for y, ®;, and kp; in the deuterium and hydrogen
dominant plasma. y and o are shown in kHz and p; is the hydrogen ion Larmor radius. At first, the linear spectrum
was compared at p = 0.7 of low density cases (Fig. 10 (a)- (c)), where particle transports were clearly different
in the deuterium and hydrogen dominant plasmas. Input data were taken from profile data (Fig. 10 (a)-(c)). Ion
density ratio (np/(np+ng)) was assumed to be spatially constant.

Figure 13 shows the comparison of spectrum of y and . As shown in Fig. 13 (a), y is higher in the hydrogen
dominant plasma and an unstable region expands toward the higher kp;. ®; is both electron diamagnetic direction,
which indicates that the most unstable turbulence mode is the trapped electron mode (TEM). «; is deeper in the
electron diamagnetic direction in the hydrogen dominant plasma, which indicates that effects of trapped electron
are larger in the hydrogen dominant plasma. Figure 14 shows eigenfunctions and variation of magnetic field
strength along the field line at p = 0.7. As shown in Fig. 14, the eigenfunctions have modulations following the
local helical magnetic ripple, which is shown in Fig. 14 (c). This is a typical signature of TEM in helical devices.
Larger y in hydrogen dominant plasma is qualitatively consistent with higher diffusion coefficients in the
hydrogen dominant plasma.
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Fig. 13 Linear spectrum of (a) growth rate (y) and (b) real frequency (). Calculated at p = 0.7 of profiles in
Fig. 10 (a)-(c). The negative real frequency indicates electron diamagnetic direction in plasma frame. p; is
hydrogen ion Larmor radius both in the deuterium and hydrogen dominant plasma.
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Fig. 14 Eigenfunction of kp;i= 0.7 (a) in deuterium dominant plasma, (b) in hydrogen dominant plasma and (c)
magnetic field strength along the magnetic field.

Then, we investigated the parameter dependence of y and o in order to understand which parameters result
in the different linear spectrum in Fig. 13. The normalized T. gradients are almost identical both in the deuterium
and hydrogen dominant plasma. The normalized T; gradient is much smaller than the normalized T. gradient,
thus, its role is fairly small. Then, the important parameters are likely to be a ratio of deuterium and hydrogen ion
(np/(np+nn)), normalized density gradients (a/L,), and collisionality. Figure 15 shows parameter dependences at
kpi=0.7, which is the peak wavenumber of y in deuterium dominant plasma. Larger values of kp; will contribute
little to particle transport because ion gyro-averaging diminishes the influence of small scale turbulence. In
nonlinear simulations one expects an inverse cascade that transfers turbulent energy to longer scales that dominate
the turbulent transport fluxes[33]. In Fig. 15 (c), the collisionality is defined as ve=v.i a/sqrt(2)vri, where ve; is
electron-ion collisionality, a is minor radius and vri is hydrogen ion thermal velocity. ve is an input parameter of
GS2 for electron collisionality.

In order to understand parameter dependence clearly, the initial plasma parameter was fixed at the values of
deuterium dominant plasma of a low density case (deuterium dominant plasma of Fig. 10 (a)-(c)). These initial
settings are indicated by the plain arrow in Fig. 15. The scan region includes a parameter region, which was
achieved in the density modulation experiments. Then, the parameters of the x-axis were scanned keeping other
parameters constant. In Fig. 15, the x-axis values of hydrogen dominant plasma are shown by dashed arrow.

In all three parameters, y becomes lower at values of deuterium dominant plasma. In particular, np/(np+ng)
is the most influential parameter and increase of deuterium contamination results in reduction of y. These are
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favourable effects. Secondly, increase of a/L, also reduces y. Higher density gradient at p = 0.7 with more
inwardly convection velocity helps to reduce growth rate, while vi” does not show strong effect and also vy," are
not very different in the two cases.

A
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Fig. 15 Parameter dependence of linear growth rate and real frequency on (a) np/(nptnn), (b) normalized
gradient a/L,y=1/n dn/dp and (c) normalized collisionality vi". Plain and dotted arrow indicates value in
deuterium dominant plasma low density case in Fig. 10 (a)-(c). Measured profiles of deuterium dominant
plasma were used for the input parameter at plain arrow point. Then, x axis parameters were scanned keeping
other input parameter. The dashed arrow indicates value at the hydrogen dominant low density plasma.

Finally, comparison of the linear characteristics of the dataset of the density modulation experiments are
surveyed. Figure 16 shows y and o: of kpi = 0.7 at p = 0.7 of experimental profile of density modulation
experiments. The dependences on v, are shown, however, input profiles are different at each data point. The
plasma input parameters were taken from profile data of density modulation experiments. As shown in Fig. 15
(a), at lower collisionality, y in the deuterium dominant plasma becomes smaller than those in the hydrogen
dominant plasma. As shown in Fig. 15 (a) and (b), lower y corresponds to smaller abs(w;) indicating that decrease
of the role of trapped electrons reduces the growth rate. Comparing the experimental Dmoq in Fig. 12 (a) and Fig.
16 (a), there is qualitative consistency, which indicates that a lower v,", Dmod is lower and v is lower in the
deuterium dominant plasma.
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Fig. 16 (a) y and (b) o, of kp; = 0.7 at p = 0.7 of experimental profile in density modulation experiments. The
profile data are from the dataset of the density modulation experiments in Sec. 3. The collisionality of each
data point corresponds to the values in Fig. 12.

6. Discussion and summary
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The following are concluded from the obtained results. Isotope effects of particle transport in CHS are found only
in the low density regime at ne v.<2.5x10’m, In this regime, Dmod becomes lower, Vinod (p=0.6) becomes more
inwardly directed in the deuterium dominant plasma, and Vmed(p=1.0) becomes more inwardly directed in the
hydrogen dominant plasma. These changes qualitatively agree with the differences in the density decay time after
turning-off of the gas puffing and in the background equilibrium profile. If the differences of Dimod and Vimoq are
consistent with those of D and V in equilibrium state, better particle transport and more peaked density profiles
are expected in the deuterium dominant plasma in the low density regime (ne var<2.5x10°m). This will be
favorable for increasing beam deposition in the central regime. The observed difference of Dmod at ne par=1.0-
1.8x10"m3, where data is available both in the deuterium and in the hydrogen dominant plasmas, is a factor of
1.5. This is much smaller than a factor of 6 difference of density decay time at ne pu=1.0x10""m, as shown in
Fig. 1. This result suggests that the longer decay time in the deuterium dominant plasma is partly determined by
the higher recycling process.

In order to argue the difference of the Dmoda and Vmod and D and V in equilibrium state, analyses to fit both
modulation and equilibrium profiles simultaneously were also performed. This is the same analysis schema
performed in LHD [19,22]. According to this analysis, the difference of D and V in the deuterium and hydrogen
plasmas became smaller, while density dependence was similar. However, the fitting of modulation components
became worse. The x? of modulation components (eq. (11)) became a factor of 2-5 larger than the analysis with
only modulation components. There are two possibilities to account for the difference of convergence between
modulation only fitting and both modulation and equilibrium fitting. One is the effect of beam fueling as
described in section 3.1. The other is difference of relation between normalized particle flux and normalized
density gradient [23].

As shown in the following equation,
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Dmod and Vmod can be interpreted as partial derivative of modulated particle flux on the density gradient and
density, respectively. In the case of the second possibility, the dependences of the particle flux on density gradient
and density are different in the deuterium and hydrogen dominant plasmas. In spite of these two possibilities of
interpretation, it is shown that particle transport is different in the deuterium and hydrogen dominant plasma in
low density regime.

The neoclassical electron particle diffusion coefficients (D neo) are much smaller than Dmod. The neoclassical
electron convection velocity (Ve neo) showed outward direction, while Vioa showed inward direction. These
results suggests that the particle transport process in this dataset is governed by the turbulence driven anomalous
process. However, it should be noted that De neo and Ve neo are coefficients for the equilibrium profiles. For precise
comparison, neoclassical Dmod and Vmed , Which are defined in eq. (19), should be estimated and compared with
experimental values. Such comparisons were made in W7-AS [18].

The linear growth rate is lower in the low density regime of the deuterium dominant plasma, where Dioq 1S
smaller and Vo4 is more inwardly directed. This result qualitatively agree with the reduced transport in the
deuterium dominant plasma. In the present analysis of gyrokinetic linear stability, the effects of Er and Er shear
are not included. Formation of Er and Er shear can stabilize unstable mode [34], however, as mentioned in Sec.
5.1, transport process is likely to be governed by an anomalous process, thus, some turbulence effects are still
essential. The gyrokinetic linear calculation does not offer conclusive remarks, but it does offer the possible
suggestion of a turbulence-driven mechanism. Recent gyrokinetic linear study in LHD showed favorable collision
stabilization effects of TEM. TEM is more strongly stabilized in deuterium plasma than in hydrogen plasma [35].
In the next step, nonlinear simulation will be necessary for the quantitative comparison between experiments and
simulations. In tokamak, isotope mass and charge effects were studied by linear and nonlinear simulation [36].
In helical plasma, nonlinear simulation requires a huge computation time because of the complicated magnetic
structure. However, this is a necessary next step. Such a survey will be useful to predict optimum plasma
parameters and conditions to achieve better confinement in the deuterium plasma in LHD, W7-X and future
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deuterium and tritium plasma of the helical type reactor.

It should be noted that this series of experiments are in L mode. With the strong ion heating power of neutral
beam, high T; mode is achieved by improved confinement in CHS [37] as well as in LHD [38]. In the high T;
mode, T; gradient becomes steeper, and dominant turbulence is ITG [39,40,41,42]. In ITG dominant plasma,
isotope effects can be different. Also, electron collisionality (v.) in the series of the experiments is very high. The
normalized collisionality vi" is more or less comparable in CHS and LHD. This is due to the higher & in eq.
(14) in CHS. v, is about 60 times higher in the CHS density modulation experiments than v, in the high T;
discharge of LHD. The difference of the electron collisionality may result in different turbulence characteristics.

In helical devices, experiments of isotope effects are few. Experiments in the current working helical devices
such as Heliotron J, TJ-II and HSX are highly expected. These experiments will contribute to understanding the
isotope effect on transport in helical devices. And the magnetic configuration may play important roles on isotope
effects on the transport. This may be the reason for the differences in the observations in helical and tokamak.
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