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Density profiles in LHD were measured and particle transport coefficients were estimated from density mod-
ulation experiments in LHD. The dataset used in this article included a wide range of discharge conditions, e.g.,
for different heating powers, magnetic axes, and toroidal magnetic fields scanned to cover wide regions for neo-
classical transport. The minimized neoclassical transport configuration in the dataset (R,x = 3.5m, B; = 2.83T)
showed peaked density profiles, and its peaking factors increased gradually with decreasing collisionality. These
results are similar to those observed in tokamaks. At some other configurations, peaking factors were reduced
with decreasing collisionality and a larger contribution of neoclassical transport produced hollow density pro-
files. Comparison between neoclassically and experimentally estimated particle diffusivities showed different
minimum conditions. This suggests that the condition for neoclassical optimization is not the same as that for
anomalous optimization. A clear difference in spatial profiles of turbulence was observed between hollow and
peaked density profiles. A major part of the fluctuations existed in the unstable region of the linear growth rate of
the ion temperature gradient mode and trapped electron mode.
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1. Introduction

Optimization of magnetic configuration for reducing
energy and particle transport is an important issue for stud-
ies in stellarator/heliotron devices. Magnetic properties
can be changed by scanning magnetic axis positions (R,x)
in LHD. Therefore, a scan of R is an effective way to con-
duct systematic studies on the effects of magnetic configu-
ration on transport. A study was carried out to find the opti-
mum configuration for reducing neoclassical transport over
R.x =3.5~3.75musing the DCOM code, and it was found
that neoclassical transport is minimum at R,x = 3.5 min the
plateau regime and at R,x = 3.53m in the 1/v regime [1].
On the other hand, it was experimentally observed that the
effective helical ripple, which is an influential parameter of
neoclassical transport in the 1/v regime, played an impor-
tant role on global energy confinement [2]. Comparative
studies among different machines show that smaller effec-
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tive helical ripple configurations showed enhancement in
global energy confinement compared with the international
stellarator scaling 2005 [2]. This suggests that neoclassical
optimization may also reduce anomalous transport because
most transport in the data set of Ref. [2] was dominated
by anomalous transport. In our previous work, systematic
studies of particle transport and fluctuation properties were
carried out over R,x = 3.6, 3.75, and 3.9 m at around 1.5T
and R,x = 3 6m at 2.75 and 2.8 T [3,4]. Particle diffusion
was found to be anomalous and smaller at more inwardly
shifted configurations. At the same time, a smaller edge
fluctuation level was also observed. Density profiles were
hollow in many cases of discharge conditions, and became
peaked at higher magnetic fields and collisionality. When
density profiles were hollow, particle convection was com-
parable with that from the neoclassical prediction.

In this article, additional analyses are reported that
have been carried out to get more insight into the de-
pendence of configuration on particle transport. We fo-
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cused on linkages between neoclassical optimization and
anomalous optimization, and the effect of magnetic field
strengths.

2. Experimental Results and Discus-
sion
2.1 General characteristics of density pro-
files in LHD

Figure 1 shows electron temperature (7.) and electron
density (n.) profiles under different discharge conditions.
Density profiles were measured using a multi-channel far-
infrared interferometer [5] and a CO; laser interferometer
[6]. Electron temperature profiles were measured by YAG
Thomson scattering [7]. As seen in these figures, density
profiles were different depending on discharge conditions.
This is a clear contrast to tokamak density profiles, which
are peaked in most cases [8,9]. In LHD, the density profile
changes from peaked to hollow with an increase in heating
power, as shown in Fig. 1 (b). These changes of density
profiles can be explained by the increase in neoclassical
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Fig. 1 Comparison of (a), (c), (e) T, and (b), (d), (f) n. profiles
under different conditions. (a), (b) Different NBI powers
at R,x = 3.6 m. (c), (d) Different magnetic configurations
at R,x = 3.5 and 3.75m. (e), (f) Different magnetic fields
at R, = 3.6m.

outward convection with decreasing collisionality [3].

Figure 1 (c) and (d) shows the effects of magnetic axis
positions. Even for identical T, profiles, at an inwardly
shifted configuration of R,x = 3.50m, the density profile
peaked while at an outwardly shifted configuration of R«
= 3.75m, the density profile was hollow. This can be ex-
plained by the enhanced outward neoclassical convection
at a more outwardly shifted configuration [3].

Figures 1 (e) and (f) show T, and rn, profiles under dif-
ferent toroidal magnetic field strengths (B;) for almost the
same T, profiles at the same configuration (R,x = 3.6 m).
At a lower magnetic field, the density profile was more
hollow. Thus, the magnetic field strength can also affect
density profiles.

In order to understand these configurations and mag-
netic field dependences of density profiles more precisely,
dependences of the peaking factor of density profiles were
studied and are summarized in Figs.2-4. Here, the peak-
ing factor was defined as the ratio of the density at p (nor-
malized radius) = 0.2 against the volume averaged density.
The volume averaged density was calculated within the last
closed flux surface. Data of JT60-U are also presented for
comparison.

The data in Figs.2-4 are from NBI heated plasmas.
However, particle fueling from the NBI was found to have
no effect on density peaking factors in both JT-60U and
LHD [3,4,8]. Thus, variations of density profiles are due
to the difference of transport.

Figure 2 (a) shows dependences of density peaking
factors of JT60-U and LHD on vl’;, which is the electron-
ion collision frequency normalized using the collision fre-
quency at the plateau-banana boundary, and can be written
as follows:

Vi = vei/(&)*vr/qR) (0

where & is an inverse aspect ratio, vt is an electron thermal
velocity, g is the safety factor, and R is a major radius. The
value of & at p = 0.5 was defined as that at 0.5a/R, where a
is the averaged minor radius of the last closed flux surface.
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Fig. 2 Collisionality dependence of density peaking factors: (a)
comparison between LHD and JT-60U, and (b) compari-
son between four configurations of LHD at high fields (B,
=2.54-2.80T)
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Fig. 3 Collisionality dependence of density peaking factors
among four configurations of LHD at lower fields (B, =
1.45-1.54T)
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Fig. 4 Dependences of density peaking factors on shifted mag-
netic axes. Symbols are the same as in Figs. 2 and 3.

Figure 2 (b) shows dependences of density peaking
factors of LHD on v, which is defined as follows:

Vi = veil (€25701/qR) )

Here, e,g4is an effective helical ripple, which has been in-
troduced to represent multiple helicity and is defined as

[10]
9V2 v )2/3
g = | =D 3)
(16 :

Here, v, v4, and D are the collision frequency, drift veloc-
ity, and particle diffusivity in the enhanced helical ripple-
trapped region, which is the so-called 1/v region, respec-
tively. At the upper boundary of the 1/v region, v} ap-
proaches unity. This dependence on v} is convenient to
understand experimental regimes in neoclassical transport.
The finite beta effects were included in the estimation of
et [11].

JT60-U data in Fig. 2 (a) represent density profiles for
cases of negligible neoclassical transport. The data are
taken from the database of the Elmy H-mode [8]. The den-
sity profiles of JT60-U were measured using YAG Thom-
son scattering. In JT-60U, density peaking factors in-
creased with decreasing v;. This has been widely ob-
served in tokamaks [8,9]. One of the possible interpreta-
tions of this observation is an enhanced turbulence-driven

inward pinch in the low collision regime. The growth
rate of the ion temperature gradient (ITG) mode in toka-
maks increases with decreasing collisionality [9]. JT60-
U data in Fig.2 (a) were in the ITG unstable region, be-
cause the ion temperature gradient mode parameter, de-
fined as n; = Ly /Lr, where L, = (=Vne/n.)™! and Ly, =
(=VTyT;)""!, was larger than unity (7; > 1) [8]. Therefore,
JT60-U data also support the role of turbulence on peaked
density profiles

As shown in Fig.2 (a), the density profiles for R, =
35m in By = 2.83T are peaked while those for R, =
3.6min By = 2.75 and 2.80 T change from peaked to hol-
low, and the profiles for R;x = 3.75 min By = 2.64 T and
Rix = 39m in By = 2.54T were hollow. Density peak-
ing factors gradually increased with decreasing v; only at
Rix = 3.5min B; = 2.83T. At Ryx = 3.6m in B = 2.75
and 2.8T and Ryx = 3.9m in B, = 2.54T, density peak-
ing factors show a tendency opposite to JT60-U for the
dependence on v{‘). As mentioned above, in tokamaks, an
increase of the density peaking factor can be due to the in-
crease of turbulence-driven inward pinch. The data of R,
= 3.5m 2.83 T showed similar tendency to JT60-U data.
Therefore, we may assume that the turbulence-driven in-
ward pinch causes peaked density profiles for Rx = 3.5m
in B, =2.83T.

As shown in Fig.2 (b), the density peaking factor
shows a clear dependence on vj. At a more outward shift
configuration, &.¢ becomes larger, so for the same ve;, v},
becomes smaller. At smaller v}, the contribution of neo-
classical transport is larger, the peaking factor decreases,
and the density profile becomes more hollow. This is well
explained by the increase in neoclassical outward convec-
tion [3]. The linear growth rate becomes smaller at the hol-
low density profile compared with the peaked density pro-
file [12]. At a more outward configuration, the neoclassical
contribution becomes larger and anomalous contribution
becomes smaller, and vice versa. Figure 2 (b) shows that
larger neoclassical transport at a more outwardly shifted
configuration results in a hollow density profile, and larger
anomalous transport at a more inwardly shifted configura-
tion results in a peaked density profile.

It should be noted that that for R, = 3.75 in B; =
2.64 T, density peaking factors were almost constant for
variations of v; and v}, as shown in Fig.2(a) and (b). A
constant peaking factor indicates that values of (aV)/D
were kept constant, where a is the averaged minor radius,
V is the convection velocity, and D is the diffusion coef-
ficient. The diffusion coefficient increased and convection
velocity increased outwardly with decreasing collisional-
ity [3]. Although, the density profiles were constant, the
particle transport was not.

Figure 3 shows dependence on v; at lower magnetic
fields (Ryx = 3.53 min B, = 1.45T, R,x = 3.6m in B, =
1.49T, Ry =3.75min B; = 1.50T, and R,x = 3.9m in B,
= 1.54T). Clearer dependence on v; was observed. Also,
density peaking factors are smaller at lower fields. A pos-
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sible interpretation of this trend is due to the larger Shavra-
nov shift at lower fields. The lower magnetic field intro-
duces higher 8 and larger Shavranov shifts. The Shavranov
shift gives the same effect as outwardly external plasma
movement due to the externally applied vertical field.

Figure 4 shows the dependence of density peaking fac-
tors on the shifted magnetic axes. Figure 4 includes both
low and high field data. Here, the plasma axis shift was
estimated from the Abel inversion of an interferometer [5].
Decreases in peaking factors with increases in the shifted
magnetic axes are clearly seen. For example, the density
peaking factor at R,x = 3.53 m in 1.45 T with a high heating
power (low collisionality) is close to that at R,x = 3.75m
in 2.64T with a low heating power (high collisionality).
This indicates that an outward-shift of a magnetic axis due
to the Shavranov shift is equivalent to an outward position
of the magnetic axis by the external vertical field. Energy
transport from the power balance analysis shows a similar
tendency [13].

2.2 Parameter dependence of particle trans-
port coefficients for R, = 3.5m and R,
=3.6m

As described in the previous section, a magnetic axis
position is an important parameter in determining den-
sity profiles in LHD. The effect of magnetic fields is un-
derstood to change the magnetic axis position due to the
Shavranov shift. There is a clear difference of collisionality
dependence between Ryx = 3.5min B; = 2.83 T, and Ryx =
3.6min B, =2.75T and 2.80 T as shown in Fig. 2 (a). This
indicates that there is a clear difference of transport mecha-
nism between the two cases. In this section, characteristics
of particle transport and their parameter dependence are
compared between the two cases. In our previous work,
analyses of global energy transport [2] and particle trans-
port [3] were carried out at R,x = 3.6 m and did not include
the data at R,x = 3.5m. The data analyzed in this section
are taken from those in Fig. 2. The averaged line density
was kept around 1.5 x 10" m~3, and electron temperatures
were scanned by changing NBI powers in order to investi-
gate T, dependence of transport coefficients. In this study,
we focus our attention on 7. dependence of transport coef-
ficients, because T, strongly dictates transport irrespective
of whether it is neoclassical or anomalous.

Particle transport in LHD was studied using density
modulation experiments due to external periodic gas fu-
eling, where the diffusion coefficient (D) and convection
velocity (V) were determined to fit measured modulation
amplitudes, phases, and background density profiles [3,4].
The modulation frequencies were 2.0, 5.0, and 10.0 Hz.
Figure 5 shows models used for the fitting of D and V.
When the modulation frequency is high or diffusion coeffi-
cient is small, the modulation amplitude is localized in the
edge, and the analysis becomes insensitive to core diffu-
sion. Thus, the model of spatially constant D was used as
shown in Fig. 5 (a). When a modulation frequency is low

v (©)

i\

pv

8, ®

Fig.5 Assumed spatial profiles of D and V. (a) Spatially
Spatially constant D for localized modulation amplitude
cases, (b) two variable D for core sensitive cases, and (c)
two variable V for all cases.
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Fig. 6 Electron temperature dependence of diffusion coeffi-
cients: (a) R,x = 3.5min B, =2.83 T, and (b) R, = 3.6 m
in By = 2.75 and 2.80 T. Dcore_cxp and Degge_cxp are exper-
imentally estimated core and edge diffusion coefficients.
Deorenco and Deggeneo are neoclassical values calculated
using the DCOM code. Error bars of experimental values
are ranges of uncertainty for fitting to experimental data,
and error bars of neoclassical values are standard devia-
tions at p = 0.4-0.7 for core values, and at p = 0.7-1.0 for
edge values. T. was also averaged at p = 0.4-0.7 for core
values, and at p = 0.7-1.0 for edge values.

or diffusion coefficient is large, modulation penetrates deep
into the core. Thus, the two-parameter diffusion coefficient
model was used as shown in Fig. 5 (b), where the diffusion
coefficient was assumed to change at p = pg with a tran-
sition width §p. The convection velocity was assumed to
be zero at the plasma center and to increase linearly and
change a slope at p = py.

In the model shown in Fig. 5, the value of pg was fixed
at 0.7 for all cases. For R;x = 3.5m in B; = 2.83 T, dp was
fixed at 0.6, and p, was fixed at 0.5. For other configura-
tions, when the modulation penetrated deeper to the core,
op was fixed at 0.1 and p, was fixed at 0.7. These values
were determined a posteriori for good fitting.

Figure 6 shows the T, dependence of D¢ore and Degge.
Neoclassical values calculated using the DCOM code [1]
are also shown. Neoclassical values of Dcore and Degge
were estimated as averages over p = 0.4-0.7 and p = 0.7 -
1.0, respectively. Neoclassical values of V.o were defined
as those at p = 0.7. Error bars of neoclassical values of D
in Fig. 6 are standard deviations over the averaged regions.

On the other hand, experimental values of Degge, Deore»
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Fig. 7 Dependence of V e (atp = 0.7) on T.. T is the averaged
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core convection velocity at p = 0.7. V., denotes the
neoclassical values calculated using the DCOM code at
p = 0.7. Error bars of experimental values are ranges of
uncertainty for fitting to experimental data.

Vedge, and Veore Were defined as follows: spatially constant
values of D were used as Degge, in case the modulation am-
plitude was localized in the edge region. For other cases,
in the two-parameter diffusion model, Dcore and Degge Were
used as averaged values between p = 0.4 and 0.7 and be-
tween p = 0.7 and 1.0 respectively. Values of V.. were
defined as those at p = 0.7.

The fitted lines in Fig. 6 are A X T, where A is a pro-
portional factor and « is an exponent. Neoclassical values
are slightly smaller at R,x = 3.5m than at Rx = 3.6m at
the same values of 7.

At both Ry;x = 3.5m and 3.6 m, the temperature expo-
nent factor @ for neoclassical diffusion is larger than that
for the experimental values as shown in Figs. 6 (a) and (b).
Experimentally determined values of Dcore and Degge are
more than one order of magnitude larger than neoclassical
values in the present experimental regime. The difference
between experimental and anomalous transports was larger
at Ryx = 3.5m than at R,y = 3.6 m. Experimentally esti-
mated values of Dcore and Degge Were larger at Ry = 3.5
m than at R,x = 3.6 m. In addition, temperature exponents
for experimental D¢ore and Degge are larger for Ryx = 3.5m
than for R,x = 3.6 m, while those for neoclassical values
are about the same. These overall observations, namely a
higher degree of anomaly and higher temperature depen-
dence of diffusion coeflicients for R,x = 3.5m than Ry
= 3.6 m, may indicate different driving mechanism(s) for
these two cases, with enhanced particle diffusion for the
former.

The parameter dependence of convection velocity was
studied and compared with neoclassical prediction for R,
= 3.5m and 3.6 m. The results are shown in Fig.7. In
Fig. 7, the lines are linear fitting lines. Here, the core con-
vection velocity (Veore at p = 0.7) was summarized, be-
cause it strongly influences density profiles.

The neoclassical particle flux is given by the following

equation [14]:

Vn. eE; D, 3\VT.
T =—-nD —_— - = 4
e_neo nby { e + T, + (Dl 2) T, 4

Since the off diagonal terms of Eq. (4) indicate convective
fluxes, the neoclassical convection velocity is defined by
the following equation:

ek, D, 3\VT,
Veneo = =D —_ 5
e_neo ]{Te +(D1 2) Te} ()

From Fig.7, the following results were obtained. As
shown in Fig.7, opposite T. dependence of the experi-
mental V.o Was observed at two configurations. At R
= 3.5m in B; = 2.83T, the experimental V.. increased
inwardly with increasing 7., while at R;x = 3.6m in B
= 2.75 and 2.80T, the experimental V., increased out-
wardly with increasing T... The opposite 7. dependence of
experimental Vo resulted in opposite v; dependence of
the density peaking factor, as shown in Fig.2 (a). On the
other hand, at both configurations, the neoclassical Vg is
directed outward and increased outwardly with increasing
T..

In both cases, absolute values from the neoclassical
prediction are much closer to the values determined exper-
imentally, which is quite a different characteristic from that
for diffusion coefficients.

2.3 Configuration dependence of neoclassi-
cal and anomalous particle transport co-
efficient

Optimized configuration for reducing anomalous
transport was attempted at R,x = 3.5, 3.6,3.75, and 3.9 min
By =2.54-2.83 T. The toroidal magnetic field varied around
10 %.

Figure 8 shows the configuration dependence of Do,
Degge and Veore, Where the solid lines indicate neoclassi-
cally and experimentally determined values for each con-
figuration at temperature 7. shown in each graph. Figures
8 (a) and (b) show that experimentally estimated values of
Decore and Degge have a minimum at R,x = 3.75m, while
neoclassical values of Deore and Degge have a minimum at
R.x = 3.5m. Thus, different optimum configurations of
particle diffusion among neoclassical and anomalous trans-
ports were found. Also, the difference is smaller in the core
region than in the edge region. This indicates that anoma-
lous transport is stronger in the edge region. This is con-
sistent with the previous results [3], where edge fluctuation
levels increased with an increase of experimentally deter-
mined values of Degge.

Global particle confinement is usually dominated by
edge diffusion. The best global particle confinement was
achieved at R,x = 3.75 in the experimental regime de-
scribed in this article, which is not neoclassically opti-
mized. On the other hand, the best energy confinement
is achieved at R,x = 3.6m [2]. These results indicate that
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the minimum of energy transport is different from that of
particle transport.

As shown in Fig. 8 (c), both experimentally and neo-
classically determined values of V. (at p = 0.7) showed
a minimum at R,x = 3.5m and their difference does not
change dramatically among configurations compared with
the difference of Dcore and Degge. The higher the outwardly
directed convection velocity becomes, the more hollow the
density profile tends to be. The above observations from
Fig. 8 (c) support measured density peaking factors shown
in Fig. 4, where the more outwardly shifted configurations
yield more hollow density profiles.

2.4 Possible role of turbulence on density
profile
Turbulence was measured using two-dimensional
phase contrast imaging (2D PCI) [16, 17]. In the previ-
ous report, edge turbulence was studied in order to find

a linkage between edge transport and edge fluctuations at
p ~ 1.0 [3,4]. Here, the magnification of 2D PCI was ad-
justed to look at core fluctuations at p < 1.0, with k = 0.1 -
0.6m~', with good spatial resolution so that the density
profiles and core turbulence can be correlated.

Figure 9 shows spatial profiles of n., T, fluctuations,
linear growth rates in the ion temperature gradient and
trapped electron (ITG/TEM) modes, and E; shearing rates
for the two different NBI heating powers at R;x = 3.53m
in By = 1.45T. The positive and negative values of p cor-
respond to the upper and lower parts in the measurement-
cross section, respectively. The linear growth rate was cal-
culated by GOBLIN code [12] and the E| shearing rate was
calculated from the E; profiles obtained from the neoclas-
sical ambipolar condition using the GSRAKE code [15].
The NBI heating power was 11.3MW and 1.7MW in
Figs. 9 (a), (¢), and (e) and Figs. 9 (b), (d), and (f), respec-
tively. For the former case, large Shavanov shifts were
induced, resulting in the magnetic axis to be shifted at
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3.63 m. For the latter case, negligible Shavanov shifts were
resulted, resulting in the magnetic axis to be fixed in vac-
uum at 3.53 m. Therefore, the comparison in Fig.9 indi-
cates the difference in fluctuation character between the
peaked density profile observed at R;x = 3.5m in B, =
2.83T and the hollow density profile observed at R,x =
3.6min By =2.752.8 T.

Spatial profiles of the fluctuation amplitude are shown
at each phase velocity of fluctuations. Here, the phase ve-
locity is the velocity in the laboratory frame. Clear dif-
ferences in the fluctuation amplitude are seen in Figs. 9 (c)
and (d).

For hollow density profiles in the high heating power
case (Figs.9(a), (c), and (e)), the dominant part of fluc-
tuations are localized in the edge region (p = 0.8-1.1).
The linear growth rate of the ITG/TEM modes is positive
in this region, rendering them unstable, but they are stabi-
lized by the E; shearing rate because the E. shearing rate
exceeds the linear growth rates, as shown in Fig. 9 (e). On
the other hand, for peaked density profiles at the low heat-
ing power case (Figs. 9 (b), (c), and (f)), the dominant part
of fluctuations existed at the plasma center. In this region,
the ITG/TEM modes are unstable, and they are not stabi-
lized by the E, shearing rate as shown in Fig. 9 (f). As de-
scribed in Sections 2.2 and 2.3, the contribution of anoma-
lous transport is large in determining the peaked density
profiles at R,x = 3.5m in By = 2.83 T. Observed larger fluc-
tuation amplitudes at peaked density profiles qualitatively
agree with this fact.

3. Summary

The parameter dependence of density profiles and par-
ticle transport was studied in a wide operational regime of
LHD. Two different dependences on v} of the density peak-
ing factor were identified. Namely, the first is a gradual in-
crease of density peaking factors with reducing v} at R =
3.5m in 2.83 T, where neoclassical transport is minimum
among the dataset used in the analysis. This behavior is
similar to that observed in many tokamaks. The other is
a decrease in density peaking factors with decreasing v}.
This is observed in configurations other than R,x = 3.5m
and is special for LHD.

The electron temperature dependences of D and V
were investigated at optimum neoclassical configuration:
R.x=35min2.83T,and R,x =3.6min2.75T and 2.80T.
The diffusion coefficient was one order of magnitude larger

than neoclassical values for both configurations. However,
T. dependence was different; that is for R;x = 3.5m in
2.83T, the T. dependence was stronger than that for R,
=3.6min 2.75T and 2.80T. At the neoclassically opti-
mized configuration (R,;x = 3.5m, 2.83T), the convection
velocity at p = 0.7 was directed inward, contrary to the pre-
diction of the neoclassical theory. On the other hand, at R,
=3.6min 2.75T and 2.80 T, the convection velocity at p =
0.7 was inwardly directed at lower 7, and reversed to the
outward direction at higher T... Absolute values of the con-
vection velocity were comparable to the neoclassical val-
ues. These observations support measured density peaking
factors, where the more outwardly shifted configurations
yield more hollow density profiles. Also, the present re-
sults show that the configuration of the neoclassically de-
termined minimum condition for the diffusion coefficient
is not the same as anomalously determined minimum con-
figurations.

A difference in core turbulence was observed among
hollow and peaked density profiles. This observation is
consistent with the expectations of ITG/TEM, which sug-
gest that turbulence has an influence on measured density
profiles described above.
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