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Global Electron Energy Confinement of Neon Plasmas in LHD

]. Miyazawa, H. Yamada, S. Morita, Y. Takeiri, M. Osakabe, K. Narihara, K. Tanaka,
S. Sakakibara, M. Goto, $. Murakami, R. Sakamoto, B.J. Peterson, K. Ida, O. Kaneko,
K. Kawahata, A. Komori, Y. Nakamura, N. Ohyabu, and LHD-experimental Group

National Institute for Fusion Science, 322-6 Oroshi-cho, Toki, Gifu 509-5292, Japan

Neon gas puff experiment has been performed on the Large Helical Device (LHD), to
investigate the effect of electric charge and mass of plasma ions on the energy confinement
property. Here, we focus on the global energy confinement of electrons in the plasmas heated
by the neutral beam (NB) injection. The major radius of the magnetic axis, R, and the plasma
minor radius, a, are fixed to 3.6 m and 0.62 m, respectively. Meanwhile, the magnetic field
strength at the plasma center, By, is changed from 1.5 Tt0 2.893 T.

The relation between the electron {(ion) temperature at the plasma center, T (Tio), and
the volume averaged electron density, <n.>, is plotted in Fig. 1 (a) (Fig. | (b)). Only the
hydrogen (or the neon) gas is puffed into plasmas denoted as ‘hydrogen’ (or, ‘neon’) plasmas.
The highest Ty is obtained in the neon plasmas, although the difference from the hydrogen
data is not remarkable. As for the T, which is plotted in Fig. 1 (b), there is a significant
difference between the hydrogen plasmas and the neon plasmas; i.e. Tip of the neon plasmas
is more than 1.5 times higher than that of the hydrogen plasmas, in the high By case. In Fig. 1
(¢), drawn is the <n> dependence of the electron-stored energy, We ki, which is estimated
from the profiles of Tu(p) and n(p), where p = r/a is the normalized radius. The energy
confinement time of the helical plasmas usually exhibits the positive dependence on density
as summarized in the international stellarator scaling 95 (1S895) [1]. In the experiment, the
positive density dependence of W, y, can be recognized only in the low-density regime of
<> < 2 x 107 m™ (see Fig. 1 (c)). This ‘saturation’ of the global confinement in the
high-density regime is not fully understood at this moment. In this study, however, our
interest lies in the difTerence between the hydrogen plasmas and the neon plasmas. Therefore,
we restrict the density range as <n.> <2 X 10" m™ in the analysis below, to eliminate the
saturated data.

In LHD, negative-ion based NB injection systems are adopted and the energy of the
beam ions, Exg, is much larger than T, (typically, Eng > 150 keV). This results in the large
fraction of the electron heating power, Png_, of about 0.8 Png. Here, ‘pure’ plasmas are
assumed for both of the hydrogen (Z.g = 1) and the neon (Zey = 10), to give Pup_- As seen in
Fig. 1 (a) and (b), Tia < Ty is observed in the low-density hydrogen plasmas, and therefore
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Fig. 1. Distributions of (a) Tw, (b) Ty, and
{c) We_kin, with respect to <n.>.
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Fig. 2. Dependence of T,y on Pug_. / <ne>.
Plotted are the data that satisfy the two
criteria; <ne> < 2 X l()lgm'3, and P, / Png
<0.1.

the heat transfer from the electrons to the
ions, P;, should be considered carefully. The
maximum Py; reaches to | MW at <p.> <2 x
10" m™ and is not small enough 1o be
neglected. Hereinafier, we eliminate the data
that has P / Pxg > 0.1, and neglect P, to
reduce its influence.

The relation between 7,, and the
electron heating power per an electron, Pyg .
/ <ne>, 1s plotted in Fig. 2. Tn the range of
Pnp e/ <n> <5 MW/ 10'9m‘3, T Increases

with Puyp. / <n.>, and any particular

differences between the hydrogen and the neon plasmas can be recognized. The maximum

T obtained in the neon plasmas can be attributed to the increased heating power due to the

small fraction of the NB shine-through power at the low-density regime. Above Prp_e / <ne>

> 5 MW / 10" m>, however, 7., gradually decreases. The reason why this kind of

deterioration occurs is not solved to date. Hereinafter, we adopt one more criterion to

eliminate the deteriorated data; i.e. Pyp o/ <ne> <5 MW /107 m™,

Next, we compare the global energy confinement of the electrons in the hydrogen and



the neon plasmas. The non-dimensional regression analysis of the experimental electron
energy confinement time, % _¢"7 (= We_kin / Pnp_e) is examined. In the non-dimensional form,

1 P can be expressed as
'TE_eexp Qe oc BO TE_celp oc (pe*)@"(w)}’(ﬁe)ﬂ’ (1)

where Q. is the electron gyro frequency, p.* = p. / a is the normalized electron gyro radius,
Vv* is the collisionality, and /. is the normalized electron pressure [2]. For the hydrogen data,
however, the linear correlation coeflicients of each components are 0.89, 0.35 and 0.54 for
pe*, V¥, and f3,, respectively. Here, we neglect the dependence on v* and f., since these are

not strongly correlating with % " Regression analysis with p.* alone gives;
BO TE_eexp (H) =357x lO'H (pc*)-2.74:|:'0.07. (2)

As for the neon data, the linear correlation coefficients for each components are 0.91, 049
and 0.27 for p.*, V*, and B, respectively. Again, ¥* and /& are not strongly correlating with

%_. Regression analysis with pc* alone results in
By iz P (Ne)=1.15x% 10712 (pe*)-zuio.og. 3

In both of the hydrogen and the neon plasmas, By %:_."" is strongly related to pc* and the
exponents are identical within the standard deviations. These relations are plotted in Fig. 3 (a).
This suggests that both plasmas have similar parameter dependence of the global electron
energy confinement. The difference in the coefficients between Egs. (2} and (3) is possibly
due to the small g.* of ~ 10 (note that even the small difference of 0.1 in the exponents
causes an error of factor 2.5 in the coefficients). To compare the coefficients more accurately,

we assume a model equation with the exponent of — 2.7,
TE_eﬁ‘ Qe e BO TE_eﬁt oc (pe*)-z.-/. (4)

In the gyro-Bohm model, where micro-turbulences are considered as the cause of the
anomalous energy transport [3, 4], the exponent of — 3 is assumed, while it is — 2 in the Bohm
model, for example (note that p* is used instead of p.*, in these models). Equation (4) can be

rewritten using the conventional terms as below;
it 230 o054 p 0773 -0.574 0.574 :
e =Coa™ R7"By T Pnpe SN T (5)

where C; is the fitting parameter, and the units of each terms are; m, m, T, MW, and 10" m,

for @, R, Bo, Pus_, and <n.>, respectively. Fitting the data with Eq. (5), the distributions of
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Fig. 3. (a) Dependence of By 7:_™ on p.*, and (b) the comparison of 7 _*** and TE_cﬁ'.
Plotted are the data that satisfy the three criteria; <n> <2 % 10°m™, P, / Pyg < 0.1, and
Pnpe/<n> <5MW /10" m™,
%:_¢"* in the plasmas with different ion species can be compared. Using hydrogen dataset, Cy
= 0.06010.007 is obtained, while Cy = 0.05630.004 is obtained with the neon dataset. In both
cases, Cy is identical within the standard deviations. Assuming C; = 0.06, % .*** and % _.™ are
compared in Fig. 3 (b). As is seen in the figure, % _.™ well reproduces 7: %, and its absolute
value is similar in both of the hydrogen and the neon plasmas.

These results are contrastive to the Z-mode [5] and the RI-mode [6] in tokamaks, where a
reduction of the electron thermal diffusivity induced by the impurity (including the neon) gas
puff has been observed. In this study, however, parameter region is limited. Especially, the
confinement deterioration at Png . / <ne> > 5 MW / 10" m™ is observed only in the neon
plasmas. Whether this deterioration will also occur in the hydrogen plasmas, or not, should be
examined in the future experiment. The energy confinement of the ions has not been treated
in this study. To carry out the conclusive discussion on this, it is necessary to measure the ion

temperature profile and the ion density profile.
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Ablation and Subsequent Density Redistribution

of Fueling Pellets Injected into LHD Plasmas
R. Sakamoto, H. Yamada, K. Tanaka, K. Nanhara, P.T. Lang', L.R. Baylorz, S.K. Combs,
P.W. Fisher’, O. Kaneko, A. Komori, O. Motojima and LHD experimental group

National Institute for Fusion Science, Japan
' Max-Planck-Institut fiir Plasmaphysik, EURATOM Association, Germany
?Oak Ridge National Laboratory, USA

1. Introduction

Pellet fueling has extended the operational region of the Large Helical Device (LHD)
plasmas to higher densities, which cannot be attained by gas puffing while maintaining
favorable dependence of the energy confinement on the density. However, deterioration of the
effective fueling efficiency was observed with increasing heating power and/or plasma
temperature. Our previous study has made it clear that the deterioration is due to fast time
scale (within several 100 ps) outward density redistribution just after pellet ablation{1].
Similar deterioration is observed in tokamaks with the magnetic low-field-side (LFS) pellet
injection, but significant improvement in fueling efficiency has been demonstrated with the
magnetic high-field-side (HFS) pellet injection{2)[3] in recent tokamak study. The mechanism
for the improvement is not yet etucidated but could be caused by an ExB drift that arises from
a vertical polarization of ablation cloud due to a VB and curvature drift{4]. This tokamak’s
success motivated studies to optimize injection location on LHD. Noticing the difference
between tokamak and LHD on the magnetic
structure, pellet injection experiments from the
different locations have been carried out on
LHD for the purpose of investigating effect of
the magnetic structure on the density

redistribution,

2. Magnetic Field Structure and Pellet

Injection Locations

Experiments were carried out on LHD, a

25 30 35 40 45
heliotron type magnetic confinement device R (mi

with continuous winding super-conducting  Fig. I Magnetic field structure and

. : . - . chematic vi injection locati
coils. The major radius, averaged minor radius, s LHD ic view of pellet inj e. tion
in .



magnetic field and plasma volume are 3.9 m, 0.6 m, 2.9 T and 30 m’, respectively. Because the
external coils, namely, a pair of helical coils establish magnetic confinement field, there are
the following remarkable magnetic structures on LHD, (D)Fully negative shear and large
rotational transform (q<1) at the plasma boundary, (2)saddle point of the magnetic field exist
in the plasma center, (3)two kind of the HFS can be defined, i.e. the toroidal averaged-HFS
and the local-HFS.

The njection locations are shown in fig. 1. The OPI (outer port mjection) is injection from
the torus outside and equal to the LFS on tokamak. The IPI (inner port injection) is injection
from the averaged-HFS. CSI (coil side injection) is injection from the local-HFS. Typical
pellet speed is 1200 m/s at conventional OPIL, but because the pellet speed s limited in the
curved guide tubes, only slow (up to 300 m/s)[5] pellet injection is available at alternative
mnjection. Specially modified injector with mechanical punch was employed for slow pellets

acceleration.

06

3. Experimental Results and Discussion
Typical temporal changes of electron density

and ablation light (Hy intensity) for the high

speed OPI case are shown in fig. 2. Line o 02f

averaged electron density is divided into two

part, core density 1, (p<0.7) and boundary

density 7,8 (0>0.7), using multi-chord
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behavior suggests density redistribution of the 3 mm cylindrical Pellet , injsctions]
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core into boundary. The time scale of such

density redistribution is several 100 ps. Conventional OFI
Predictive pellet deposition profile, which is
calculated from the NGS model using ABLATE

code[6], is shown in fig. 3. As for alternative
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of the pellet is shallower than high speed OPL. A

] Fig. 3 Predictive penetration depth from
temporal changes of electron density and the NGS model.
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Fig. 4 Temporal changes of the electron density and Hy intensity at the low speed OPI
and CS1.

ablation light (H,, intensity) for the CSI and OPI are shown in fig. 4. The penetration depths,
which are estimated by duration of He emission from the ablating pellet, are 0.28 m (OPD)
and 0.18 m (CSI). Considering the ablation in an elgodic layer, this penetration depth is
consistent with the predicted value from the NGS models. Looking at the contour plot of the
magnetic field intensity on poloidal section (fig. 1), OPI and CSI are obviously different
from each other in the gradient of the magnetic field. From the direction of VB, we have
expected preferable density redistribution on CSI case. However the evident density
redistribution is not observed on CSI. Though this result is quite different from the behavior in
tokamaks, we tried to understand this result from the viewpoint of the ExB dnft model.
In consideration of the axis asymmetric field structure on LHD, ExB drift direction on the

field line was calculated. For the qualitative discussion, only direction of vector was calculated,
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Fig. 5 Plot of the
magnetic field strength versus toroidal

Fig. 6 Plot of the VB direction (same
turn on the flux surface of p=1.0, 0.7, 0.5,
0.2

definition as poloidal angle) and poloidal

angle versus toroidal angle on the flux
surface of p=0.9.



ie. ExB=-c(BxVB)xB=~VB.Fig. 5 shows a plot of the magnetic field strength versus
the toroidal turn on the flux surface of p=1.0, 0.7, 0.5, 0.2. Due to helical coils, there are
helical ripples and large rotational transform at the plasma boundary region where the slow
pellet ablates. Therefore the magnetic field strength alternate drastically with short period,
while these effect become moderate in the core region of the plasma. The VB direction and
poloidal angle at the point along the field line that begins at the ablation region of the slow
pellet (p=0.9), is shown in fig. 6. VB makes 9 revolutions during one toroidal turn, i.e.
direction of the VB polarization altemates with each | m moving of the pellet cloud along the
field line. Therefore electric field, which drives the density redistribution, cannot be formed
sufficiently in the pellet cloud. In addition, large rotational transform rapidly even out the
influence of injection location on the density redistribution. Thus the density redistribution
behavior on LHD can be understood qualitatively from the ExB drift model.

As for high speed OPI case, helical ripples and rotational transform at the ablation region
are relatively small since the pellet ablates in the core region. Thus similar density

redistribution to tokamaks could be observed.

4. Summary

Pellet injection experiments from the different locations have been carried out on LHD.
Obviously density redistribution that observed in the high speed pellet case did not appear in
any alternative pellet injection case. The result looks different from tokamaks, however the

behavior could be understood qualitatively from the same ExB drift model.
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Energy Confinement and Heat Transport
in Extended High Density Regime of NBI Heated Plasmas on LHD
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K. Tanaka, S.Sakakibara, B.J Peterson, K.Ida, M.Osakabe, S.Inagaki, S.Masuzaki,
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N.Ohyabu, K. Yamazaki, O.Motojima, LHD Experimental Group

National Institute for Fusion Science, Toki, Gifu 509-5292, Japan
1 Princeton Plasma Physics Laboratory, Princeton, NJ 08544, USA

1.Introduction

Confinement studies of net current free plasmas have progressed due to the recent LHD

experiments with upgraded heating capability up to 9 MW of NBI. Significant density

dependence of the energy confinement time as described in the ISS95 scaling [1] has been

demonstrated [2,3] in the extended parameter regimes in LHD. When the plasma profiles are
fixed, the density dependence of the energy confinement time, ie., 1, o« (7, /P)*® or

t, « (1, / P)"* can be interpreted by the gyro-Bohm local heat conduction as ¥ o T*'* or

the Bohm as y o T, respectively. The

favorable density dependence observed in
LHD is of importance with the prospect of
net current-free plasmas with high
confinement and high Pdue to high
density operation. Since the density
dependénce of the global confinement and
the temperature dependence of the local
transport are two sides of the same
physical mechanism, it is also attracting
much interest to the physics issue of
anomalous transport. However, the
existence of this kind of density
dependence and its disappearance have
been reported from many toroidal
experiments. Recent experiments
employing a wide range of heating power
in LHD also have indicated that the
favorable density dependence saturates at

O R,,=3.6mgaspuff A~ R_=3.75m gaspuff

® R, =3.6m pellet

4 R, =3.75m pellet
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Fig.1 Dependence of energy confinement fime
on density in the densitv scan with fixed
heating power. Open and Solid symbols
denote  gas-fueled and  pellet-fueled
respectively. Circles and
triangles are the cases with Rax=3.6 m
and 3.75 m, respectively. Dashed lines :
time traces of single discharges with
density ramp-up. The heating power is
fixed at 4.5 MW and 3.6 MW in the cases
with R,=3.6m and R=3.75m,
_ respectively.

discharges,



a certain density under specific conditions. This paper discusses the cause of this saturation
and related characteristics of anomalous transport. Through'this study, the response of
temperature profile to the heat deposition profile is highlighted, which is contrasted to the
concept of stiffness or profile consistency observed in tokamaks.

2. Experimental Results

Although confinement improvement by 800p RS s
shifting the magnetic axis inward has been 2 ggg I = \2
demonstrated in previous work [2], BT ,pfT - 3?
saturation of the energy confinement time 5'8 : ' ' ?0

with the increase in density has been

(AsN) (6'0)°L (N'W)"H (w,,01)

observed in gas-fueled NBI-heated plasmas, % 25
0.

particularly, with this inward shifted

configuration with R,,=3.6 m. Open circles '8_9
in Fig.1 shows the data in the density flat 0.6
phase for a series of density scan with the 03
fixed heating power of 4.5MW in the case 0
with R,=3.6m . The energy confinement 2
time does not increase anymore above = — —— i m§
4x10”m™. The energy confinement time is & O 1 rE““’I-;E-Eé":. i’ ”ﬁg
derived from the stored energy measured P S — iy =
by the diamagnetic loop and the absorbed ! tizme (s) 3 4

heating power estimated from the direct
measurement of the shine-through power
[4] and the Monte-Carlo calculation [5].
Excess gas-puffing to increase density
shrinks the plasma and consequently
degrades the performance; however, the
saturation of the energy confinement has
been found well below this condition, The
saturated state can be sustained in a
quasi-steady state and radiation loss does

Fig.2 Waveforms of the discharge with density
ramp-up. The working gas is hvdrogen.
Top:Stored energy and line averaged
density. 2nd:Absorbed power of NBI,
total radiation power, and Ha emission.
3rd: The electron temperatures at the
center and p=0.9 measured by the
multi-channel  Thomson  scattering
system, and the ion temperatures
measured by the crystal spectrometer (Ti
XXi). Bottom: Energy confinement time
and improvement fuctor on ISS95.

not play an essential role. The saturation density does not depend on the heating power
significantly and shows a weak dependence on the magnetic field strength. The saturation or
degradation of confinement is distinguished in the density ramp-up phase by gas-puffing in a
single discharge with R,,=3.6 m. The discharge shown in Fig.2 corresponds to the closed
squares in Fig.1 with time slices every 0.5s. The line averaged density is doubled from t =
1.5 s t0 4.0 s, however, the stored energy and the energy confinement time do not change.



The improvement factor on ISS95 is n, (10%m) T (keV)

degraded from 1.6 to 1. The ratio of o e . o
the radiation power to the absorbed 5 }Zizi
power increases from 16 % to 22 %. ¥ D
Although temperatures decrease .

with the increase in density, the

ratio of decrease of electron 0 —t=35s] SIS
temperature is more distinguished in 0 02 04 06 08 1.0°0 02 04 06 08 1.0
the center than in the edge. lon  Fig 3 Lefi (a): Temporal change of density profile in the
temperature  is reduced more discharge with Ry=3.6 m illustrated in Fig.2.
gradually because of stronger ﬁ:.i;tje_(b): Temporal change of temperature
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ramp-up and  the electron

temperature becomes broad.
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prevents the deep penetration of  Fig.4 Lefi (u) : Profile of power deposition from NBI in
tangentially injected neutral beams the discharge illustrated in Fig.2 with R,=3.6m.

Right (b) : Temperature dependence of thermal
diffusivity at two radii of p=0.5 (open circles) and
core to the periphery (see Fig.4(a)). p=0.9 (solid circles) derived from the power
balance analysis of 5 time slices.

and heat deposition moves from the

This tendency is emphasized with
the inward-shifted magnetic axis due to the tangent radius of 3.7 m of the NBI beam lines
and the broad density profile due to gas-puffing particularly in the ramp-up phase. The local
heat transport is investigated for time slices in the density ramp-up phase with R,=3.6m.
Although the density dependence going as T, o n® is lost completely, the local heat
conduction coefficient shows a clear temperature dependence with the power of 1.0 to 1.6
(see Fig.d(b)). Although the discussion whether Bohm or gyro-Bohm it is requires
clarification of the dependence on the magnetic field strength, the essential point is that the
apparent contradiction between the global confinement and the local transport can be
attributed to the change of the heat deposition profile.

In contrast to the case with R,=3.6m, the density dependence of gas-fueled plasmas is
sustained in the high density regime close to the detachment of the plasma in the case with
Ra=3.75m (see triangles in Fig.1). The degradation due to the density ramp-up is not so
distinguished as in R,=3.6m. The heat deposition profile is insensitive to density itself as
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Fig.5 Left (a) : Profile of power deposition from NBI in the

discharges in the case with R,=3.75m. Righ t(b) :
3. Discussions and Conclusions Temperature dependence of thermal diffusivity at
two radii of p=0.5 (open circles) and p=0.9 (solid

Major part of an apparent
Jor p PP circles) derived from the power balance.

contradiction between the global

energy confinement time and local thermal diffusivity, which has been observed in the case
with Ra=3.6m, can be explained by the broadening of heat deposition. These observations
indicate that the temperature profile changes straight-forwardly according to the heat
deposition profile of the net current free plasmas in LHD. The apparent discrepancy between
the global and the local transports suggests that the central heating improves the saturated
state. The favorable density dependence can be extended towards much higher density by
pellet fueling (see closed circles and triangles in Fig.1)[6] in both cases of R,=3.6 m and
3.75 m. The peaked density profile realized by pellet fueling promotes the core heating and
recovers the intrinsic density dependence when the density is moderate. However, the
peripheral heat deposition becomes predominant even in the peaked density profile by pellet
injection above 8§ x lOlgm‘j, therefore, other mechanism related to confinement improvement
18 prerequisite to explain the advantage of pellet injection.
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1. Introduction

Achievement of high-temperature plasmas is one of the main goals in the Large Helical
Device (LHD), which is the world-largest superconducting helical system. The LHD is
equipped with a negative-ion-based neutral beam injection (NBI) system as a main heating
_ device, and the plasma electrons are dominantly heated due to its high injection energy of
more than 150 keV (H). Thus, the ion temperature had been below 2.5 keV and lower than
the electron temperature. A simple approach to raise the ion temperature is to increase the
ion heating power by some means. Another approach, which is more important, 1s to
improve the ion transport by achievement of the neoclassical electron root generating a
strong positive electric field. In the 2001 experimental campaign, the third injector was
newly installed and the NBI power was much increased, resulting in achievement of a high
jon temperature of 5 keV with use of neon gas-puffing. By superimposing the centrally
focused intense ECRH microwave on the NB-heated plasma, an internal transport barrier
(ITB) was observed in the electron temperature profile, which suggests a formation of the
neoclassical electron root. In the followings, the experimental results of high temperature
plasmas are presented with transport analyses.

2. Negative-NBI System and ECRH System

' The LHD-NBI system was designed for achievement of high-ntT plasmas, where the
target density is relatively high, more than 3x10"°m? [1,2). The nominal injection energy is
as high as 180 keV for the tangential hydrogen injection. Two negative-ion-based
NB-injectors of co- and counter-injection were operational in 1998, and one more
counter-injector was installed in 2001. The total injection power was increased to 9 MW
with a hydrogen beam energy of around 160 keV. The LHD-ECRH system employs two
82.7GHz, two 84 GHz and three 168 GHz gyrotrons, and each microwave is injected into the
LHD as a strongly focused Gaussian beam using the vertical and horizontal antenna systems.
A high-power ECRH up to 1.8 MW was concentrated within an averaged minor radius of
p=0.2 in an inner magnetic-axis configuration of Rays < 3.53 m [3].

3. Achievement of High Ion Temperature with Neon Injection

Since the injection energy is so high that the electron heating power would be
dominant, the effective ion heating power should be enhanced to raise the ton temperature.
In order to increase the plasma absorption power of the high-energy neutral beams in
low-density plasmas, neon gas was injected, instead of hydrogen or helium gas. Figure 1
shows the comparison of the neon-injected plasma with the hydrogen one in Ryy=3.53m.
Although the port-through NBI power is almost the same, around 8 MW, in both cases, the
ionized beam power (plasma absorption power), estimated from the shine-through power



measurement [4], is about 1.3 times
larger 1 the neon plasma at t=1.0sec

. 55 i 15
low-density target plasmas below ° Tirme (sec)

1x10"” m” in Ry=3.6 m. From the Fig. | Time evolution of the plasma parameters
comparison of the beam ionization Jor the neon and the hydrogen discharges.

rates between the neon and the

hydrogen plasmas, the Z.4 of the neon plasmas is roughly estimated to be 2 times larger than
that of the hydrogen plasmas. Assuming that the Z.y of the hydrogen plasmas is around 3,
the ion density of the neon plasmas is nearly a half of that of the hydrogen plasmas. Since
the electron temperature is not so different, the effective ion heating power rate is double for
the neon plasmas. As shown in Fig. 2, the 1on temperature in the neon plasmas is increased
linearly to the normalized absorption power and reaches 5 keV, while it is lower and is
saturated in higher powers in the hydrogen plasmas. Although the effect of the neon gas
mjection can be explained by the increase in the absorption power and the enhancement of
the direct ion heating power with a reduced number of ions, there could be a possibility of
immprovement of the plasma confinement by
the impurity injection.

(n=1x10""m). The ion temperature 512 meeputi
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Fig. 3 Electron temperature profiles Fig. 4 Central electron temperature as
with and without ITB. a function of the electron density.

plateau regime, while the hydrogen ions in the collisionless 1/v regime could lead to the
saturation of the ion temperature in the hydrogen plasma.

4. Formation of Electron Internal Transport Barrier

In the experiments where the cenfrally focused intense ECRH microwave was
superimposed on the NB-heated plasma, the electron temperature shows a centrally peaked
profile with a steep gradient inside p=03 — 0.4. An example of this electron ITB (internal
transport barrier) profile is shown in Fig. 3. The central electron temperature exceeds 10
keV in a lower density. There exist various kinds of threshold for the electron ITB
formation, such as the ECRH power, the NBI power, and the density. Figure 4 shows the
central electron temperature as a function of the line-averaged electron density, and the
electron temperature profiles with and without ITB are shown in Fig. 3 at around the
threshold densities. The electron transport is much improved in a region of the ITB
formation. Figure 5 shows the electron thermal diffusivity . as a function of the
collisionality normalized by Veq = & vr L M/27R at p=0.2 in the case of the ITB formation
with an ECRH power threshold at n,=0.3x10"’m>. When a small ECRH power (180kW) is
added to the NBI plasma, the T, at p=0.2 is increased a little and the 7. is much increased.
With a larger ECRH power (280kW) the electron ITB profile is formed and the T, at p=0.2
is raised, and then the . is much reduced. The reduction of the . at the threshold suggests
the transition of neoclassical ion root to electron root. At this transition a strong positive
radial electric field of around 50 kV/m is generated in the theoretical ambipolar flux
calculation [5], although the electric field is not measured. However, the . in the ITB
profile is one-order of magnitude larger than the theoretical one in the neoclassical eleciron
root, as shown in Fig. 5. The experimentally observed Y. reduction in the ITB formation
could be attributed to the suppression of the anomalous transport due to the electric field
shear at a boundary of the ITB formed by the transition of the electric field [6].

Figure 6 shows a T. - n. diagram for both ITB and no-ITB profiles at p=0.2. In the
figure, the local ITB formation at p=0.2 is judged by the gradient of T, dT./dp, at p=0.2, ie.,
no {TB formation for dT/dp<I1, ITB formation for dT./dp>5, and marginal ITB formation



=3 5m, B=2 8547 #28100-28146 5 - ]
002 (wic T8} .
10 - L
4} ‘ . . p
dh=
& [only NBF) —_ -e *
3 ‘e s
- -t
- [witts 1TRY - x> 3 . " -
:g . ~ o® -
vk ] .
S 9— ,1 © ]
. =% o © )
1| & IIE(S<difae} ]
T B Barrinal -1TB0) T /Hdr <5}
o @& 7 lmsmwrimant ) G e [TR(AT/dr<i)
(L2 o Tz leeacltessical HEY - Idkbral icat tronsitiss Boundary
"N X D I . i
0.01 - DA'I- ] a 4GS 1 " 15 2
v(twiicary n (e=0.2} {x10"m7)
Fig. 5 Electron thermal diffusivity as a Fig. 6 T, - n. diagram for both ITB
Sunction of the collisionality. and no-ITB profiles at p=0.2.

for 1< dT./dp<5. In the figure, the theoretical transition boundary to the electron root from
the ion root is also indicated. As shown in Fig. 6, the temperature threshold for the ITB
formation 1s dependent on n’ !, which coincides with the theoretical prediction. The
electron ITB profile is also observed n relatively high-density plasmas of >1x10"°m” with a
higher ECRH power and a higher NBI power. Even in the neon plasmas the marginal ITB
formation is observed at n.=1.8x10""m” in the ECRH injection into a plasma heated by
SMW-NBI. Although a clear increase in the ion temperature has not been recognized, a
high electron temperature in the ITB formation would enhance the ion heating ratio in
high-power NBI heating, leading to increase in the ion temperature. Moreover, the
neoclassical electron root in the ITB formation would reduce the ion transport in the
collisionless regime, which would realize a higher 1on temperature.

5. Summary

To raise the ion temperature with a high-energy negative-NBI heating, neon gas was
injected for increasing the plasma absorption power of the neutral beam and enhancing the
effective ion heating power with a reduction of the ion number in high-Z.4 plasmas. As a
result, the ion temperature is raised to 5 keV at an NB-injection power of 8 MW. By
injection of centrally focused ECRH microwave into the NBl-heated plasma, the electron
ITB profile with a steep gradient inside p=0.4 was observed. The temperature threshold for
the ITB formation depends on n."*, which agrees with the theoretically predicted transition
to the neoclassical electron root from ion root. The eleciron ITB was observed also in the
neon plasmas. Ii is importani to obtain a high ion temperature by achieving the
improvement of the ion transport in the neoclassical electron root, and this is a future work.
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1. Introduction

The electron temperature, T, profile with a high central 7, and a steep gradient,
VT,, was observed on the Large Helical Device (LHD) [1] in both ECH plasmas and low
density NBI plasmas with overlapping of the strongly focused ECH [2]. Local transport
analysis is carried out in order to clarify whether any transport improvement, such as
the electron thermal transport barrier which is observed in the Compact Helical System
(CHS) (3], appeared or not in LHD associated with the high central 7,.

The electron thermal conductivities in NBI with ECH plasmas of various densities
are evaluated and they are compared with the results of the neoclassical calculation
with the radial electric field, E.. Moreover, some transport simulations of the temporal
development of T, are carried out to evaluate the electron thermal transport at the central

region.

2. Transport analysis of ECH overlapped NBI plasmas

In the plasmas heated by NBI and ECH, the high T;(0) and the steep VT, appeared
when the absorbed power of ECH, Preop, exceeded a certain threshold power or the
electron density, n,, was lower than a threshold density. Figure 1 (a) shows four profiles
of T,, which were measured by the YAG Thomson scattering system {4]. Three of them are
in the cases of NBI with ECH heated plasmas with different n, (® : 7, = 0.15x 10% m™3,
A 024 x10%m™ and ¢ : 1.7 x 10" m™3) and the other symbol (+) represents 7, in a
NBI-only plasma. Here, p = (&/®,)"/2 ( : the toroidal magnetic flux) is the normalized
average minor radius and p < 0 denotes the inside of the magnetic axis position, R,
These plasmas are produced under the conditions of R,, = 3.75 m (the standard magnetic
configuration} and the magnetic field strength B = 1.52T. The spatial profile of E, can
be measured in the Ry, = 3.75m case by the charge exchange spectroscopy (CXS) [5, 6]
of NeX with the neon gas putfing. B = 1.52T is adjusted to the central heating condition
of the 2nd harmonic ECH. In the lowest n. case (@), the T, profile has T.(0) > 8keV.
The steep VT, appears in the low density cases (®, A) at the p < 0.2 region. However,
such VT, can’t be seen in the high density case (¢).

The experimental thermal diffusivities, x. for electrons and y; for ions, are evaluated
by the local transport analysis using an one-dimensional transport code, PROCTR [7].



This code reads the magnetic flux surface data and the spatial profiles of T,. n.. the
ion temperature, T,. the absorhed power of ECH, Pgeyr, the deposition power of NBI
to electrons and wns. Pyg, and P g, the radiation power, Pqq, and so on. Pyg,(p)
and P} 5, (p) are given by the calculation results from a three-dimensional Monte Carlo
simulation code [8. Ppey(p) is calculated by the ray-tracing method. Its profile depends
on the focal point and the R,, shift by 3.

X% in the NBl-only case is about 12 rr12/s(c')100 - T e e
at the center and it gradually decreases towards 8.0 A:EBZ%%Z":;”
the edge as shown in Fig.1(b). The magnitudeof o of A o]
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spectively. £ in the low density NBI with ECH plasma is positive in the whole plasma
and it shows a peak at the central region. This spatial profile is similar with the experi-
mentally observed E, by CXS with neon gas puffing in the plasmas of n, > 0.5x10% m 3
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These ECH modulation experiments were operated under the conditions of Ry, =
3.50m and B = 2.895 T with the ECH power of 283kW and 177kW. In the higher Pgcp
case, the T, profile has a steep gradient and the decay times, 74, of TECE are more than
100 ms at the central region, while no steep gradient was observed and 7; =~ 20ms in the
lower Prpoy case.

The simulation of T, are carried out from an initial profile measured by the Thomson
scattering and therefore, the magnitude of TF¢F are calibrated by the temperatures of
Thomson scattering. The dotted curve in Fig.3(a) shows a example of the results of the
calculation by using x¢*P, which is shown in Fig.3(b) (solid curve). The decay time of
this case is smaller than that of the ECE results. The dashed curves in Fig.3(a) are the
calculation results by using some assumed x, which are selected in order to reproduce the
time development of TF¢Z. Although these simulation results are not completely agree
with the experimental data, the longer decay times of 50 ~ 100 ms can be reproduced.

The values of y. assumed in Fig.3(a) are plotted in Fig.3(b) (). The assumed x.
is 0.005m?/s at p ~ 0.03 and 0.13m?/s at p ~ 0.08. It may be considered that these
small x. values indicate some improvement of electron thermal transport at the center.

4. Summary

The local electron thermal transport was investigated for the low density NBI with
ECH plasmas on LHD. The derived x%*F was reduced with the steep gradient of 7. near
the center, but the values of ¥**7 are still larger than the neoclassical x3*°. The radial
electric field predicted by the neoclassical theory, £, is also calculated. Although the
magnitude of E™* is larger than the experimentally measured ECXS  their radial profiles
are similar. Some ambiguity remains in the steady state analysis of x, at the center.
However, the electron thermal transport at the central region seems to be improved from
the view point of the temporal development of 7, by comparing the ECE signals with
the results of transport simulation.
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Abstract

In the central Electron Cyclotron Heating (ECH) experiments, the internal transport
barrier (ITB) has been found in the Compact Helical System (CHS), and recently in the
Large Helical Device (LHD). The strong positive radial electric field has been
experimentally observed, which reduces neoclassical ripple transport and anomalous losses.
The calculated neoclassical transport coefficients without effects of radial electric field
roughly agrees with experimentally obtained transport values, but are ten times smaller than
the experimental values when the strong neoclassical ambipolar radial electric field is
included. The common ITB physics pictures are expected in LHD and CHS high electron

temperature plasmas.

i. intreduction

Int the helical confinement systems, the strong electric field is supposed to be utilized for
improving the plasma confinement. High central electron temperature plasmas with positive
electric potential have been obtained in the centrally focused Electron Cyclotron Heating
(ECH) expenment of the Compact Helical System (CHS) [1]. The formation of this internal
transport barrier (ITB) is correlated with the reduction of density fluctuation and the shear of
electric field, and is related to neoclassical positive electric field in the low-density regime [1,
2]. Recenfly in the Large Helical Device (LHD) we have obtained ten-keV electron
temperature plasmas using centrally focused Gaussian beam at the fundamental and second
harmonic resonances [3]. Here, transport analysis has been done in both LHD and CHS for

their comparisons.

2. Method of Transport Analysis using TOTAL Code
For predictive simulation and experimental analysis of toroidal plasmas, a simulation code
TOTAL (Toroidal Transport Analysis Linkage) has been developed [4,5]. This consists of a

3-dimensional equilibrium with ohmic and bootstrap currents and a 1-dimensional fransport



with neoclassical loss determined by ambipolar radial electric field as well as anomalous
transport (empincal or drifi turbulence models). In both core and edge plasma analyses, the
plasma equilibnium is iteratively and consistently calculated using experimental data on the
virtual expanded edge flux coordinates, and the calculated transport properties are compared

with several theoretical models.

3. Transport Barrier formation and Experimental Analysis in CHS

The box-type temperature profile often can be seen in reversed-shear tokamaks and
parabola-type ITB is obtained in the normal shear tokamak operations. In helical system
bell-type electron temperature profiles are obtained. Figure | shows the electron temperature

and density profiles with ITB (ECH 200kW) and without ITB (ECH 150kW). The

experimental
ITB in CHS {200kW ECH ot
E=h it 100 : — = thermal
o0& — T -
zs \\ oos o ~ | AJ/‘A’ i diffusivities
) . - ooa  n, 7, o ] ,\| o
(:EV)" s \ k. 003 (107" % s 1 p \‘\ ' 1™ 10 ug y agree
A EEN \ A \+ Doz e o= with ZETO
o % 01k — 2 -
05 ). 1 oor P .- . -
T = 1 radhal-electric-
o 0 o o1 !
1] 02 D4 06 o8 1 0 az 04 o og 1
.. 6, field case
—— —w without ITB in CHS (150kW ECH) (Er=0), but are
S0k Er& P““ === {5000
- —— . .
500 50 100 . . i~ ten times higher
L ==A== NC[rppis)
400 o, 40 : —t=r e -
- . \\ T = than the
300 N o p e
Er N ECH 1 Nae =
Vrcm) [ N 5 ‘ . neoclassical
200 ok Ny 20 MaWhT) . N\ :
1t =— T 3 - ! E .
100 T S 1 E e ?':N‘"‘ V3 values with
" a ‘ ~a H
[ | i 07k R
a: - t—a 4 - ] i
5 : = vy i a self-  consistent
-100 : -10 oo1 L 4 .
0 02 04 0& 0B 1 0 02z 04 06 08 1 electric field.

Fig 1 ITB profiles and transport coefficients of CHS

4. Transport Barrier formation and Experimental Analysis in LHD

Hot electron temperature operations have been obtained also in LHD using ~ 1 MW
ECH heating power [2]. Figure 2 shows the clectron temperature and density profiles
measured by 200-channel YAG Thomson scattering system and 1l-channel FIR
interferometer. The 3-dimentional plasma equilibrium is czlculated self-consistently using

TOTAL code [5]. Here, we calculated the plasma performance with the assumption of



neoclassical transport with helical field harmonics and self-consistent radial electric field in
addition to semi-empirical anomalous transport loss [4]. The calculated electric field in the
LHD plasma depends critically on the plasma density and heating power deposition (position
and power density).

In order to evaluate transport coefficients, the parabolic ion temperature profile with
experimental central value is assumed. We can determine experimental transport coefficients

as shown in Fig. 2.
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Fig. 2 ITB profiles and transport coefficients of LHD (#26943, 0.5ms)

5. Predictive Transport Simulation in LHD

Related to the ITB shot, the following four predictive simulations have been carried out in
addition to the previous section; (1) full simulation, (2) only experimental density profile is
used, (2) experimental density and electron temperature profiles are used, and (4) drift wave
mode! simulation.
(1) Full simulation

Without using experimental plasma profiles, we can simulate high T. plasmas using
empirical transport model and neoclassical ripple transport model with self-consistent
ambipolar electric field [4]. The experimental line-averaged electron density is used in the
simulation. The simuiated density profile does not agree with experiments, therefore central
temperature 1s rather low. To simulate slightly hollow electron density profile, anomalous

outward particle flow is required in addition to the neoclassical diffusion.



(2) Simulation using experimental density profiles

The anomalous transport coefficients described in Ref.[4] are assumed here. The central
electron density and thermal coefficient are both low enough to get higher Te(0) than 10 keV.
The anomalous transport model with fixed profile is not realistic and 1t should be modified to
fit the experimental values.
(3) Simulation with experimental n. and T. profiles

The ion temperature has been calculated using experimental n. and T, profiles. Several
bumps in radial electric field E, as a function of minor radius have been obtained. The E:
profile critically depends on T, profile, therefore T. profile strongly depends on ion
temperature,
(4) Drift Wave Model Simulation

Multi-mode transport analysis in addition to neoclassical transport has been carried out for
LHD using 5 times smaller drifi-wave turbulent transport coefficients of Ref. {4] to fit
standard LHD operation. The simulated ion temperature is lower than the experiment. The
present model will be modified to include electric shear effect for the confinement

improvement in the future.

6. Summary & Discussion

The transport analysis has been carried out for high-Te ECH discharges in both LHD and
CHS focusing on the comparisons between the experimental values and neoclassical values.
Experimental transport coefficients near ITB roughly agree with neoclassical values in the
case of Er=0, but are about ten times higher than the neoclassical vales including the effect
of Er in both LHD and CHS plasmas. The anomalous transport might be dominant near ITB
and be reduced by the strong electric field shear. The common physics pictures are expected

in LHD and CHS high electron temperature plasmas.
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Introduction

MHD instabilities destabilized by the energetic ions are being studied in many magnetic
confinement devices because there are two important and of interest issues for plasma
confinement. One is to clarify the characteristics of these energetic ion driven MHD modes.
The other 1s to clanfy the effects of the MHD instabilities on energetic ion transport and bulk
plasma confinement. In particular, these researches are extensively being studied in many
tokamaks with regard to alpha particle physics on ITER,

These MHD instabilities are also being studied in helical systems, which are thought to
be promising alternative concepts for the tokamaks. Toroidicity induced Alfvén eigenmodes
(TAEs) and energetic particle modes (EPMs), which are destabilized by the energetic ions,
were observed in the Compact Helical System (CHS)[1,2], Wendelstein-7AS (W-7AS) [3]
and the Large Helical Device (LHD) [2,4]. However, knowledge about these modes in helical
systems is still unclear due to a complex magnetic configuration. Alfvén eigenmodes (AEs)
are predicted to be more unstable in a high beta plasma of LHD from the previous studies. In
this paper, we report two topics about energetic ion driven MHD instabilities in high beta
LHD plasmas.

TAEs in high beta LHD plasmas and loss of energetic ion caused by TAEs

In NBI heated LHD plasmas at low magnetic field (B, < 1 T), the bursting TAEs are often
observed, of which amplitude is one order of magnitude larger than non-bursting ones. A
typical high beta discharge that TAEs are observed is shown in Fig 1, where the absorbed
NBI power is 2.7 MW and hydrogen beams with E,, = 150 keV are tangentially injected into
a hydrogen plasma in the inward-shifted configuration at the magnetic field B = 0.5 T. In this
high beta LHD plasma, m~2-3 / #=2 TAE is observed, of which gap is formed by the
poloidal mode coupling of m=2 and 3 modes, and m~2-3 / n=1 TAE is also observed. The
TAE with m~2-3 / n=1 disappears at ¢ = (.8 sec because the TAE gap is disappeared due to
considerably modification of the rotational transform profile caused by the finite beta effect

and the net plasma current.
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Fig.l, Time evolution of magnetic Fig 2, The shear Alfvén spectra with N,
fluctuations 1 a high beta NBI-heated =2 at t = 1.8 s of the plasma shown in
LHD plasma. The bursting TAEs are Fig. 1. The spectra are calculated for

the 3D magnetic configuration.

We compare the observed frequencies at 7 = 1.8 s is the plasma shown in Fig. 1 with the
shear Alfven spectrum that is calculated for 3D magnetic configuration. Here the toroidal
mode coupling is taken into account. A heliotron configuration has a 3D magnetic
configuration having the toroidal field period number N_. A family of modes with toroidal
mode number »” satisfying the relation n’+norn’-n = kN (k= ....-2,-1,0,1,2....) can couple
with the mode having the toroidal mode number n [5). In LHD case, the N, = 2 mode is
composed by Fourier modes with n” = .. -12, -8, -2, 2, 8 12, __etc. The toroidzl mode
coupling among » = 2,8,12,1822 and 28 Fourier modes is taken into account for the
calculation of the spectrum shown in Fig. 2. The gap structures are produced through

poloidal mode coupling for all Fourier modes with different toroidal mode number in the

250 — same mode family. This leads to the formation of
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1 alignment of the TAE gap from the plasma core

Fraquency (kHz)

towards the edge can be realized by the large
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Fig. 3, Time evolution of magnetic tansport and/or bulk plasma confinement
fluctuations and time derivative of the ~Decause  some  plasma  parameters  are

stored plasma energy dW/dt. simultaneously modulated with bursting TAESs, as



shown in Fig. 3. The transient decrease in the stored energy {dW/dr<0) is explained by the
transient loss of energetic ions in the course of the slowing down. The transient decrease in
W corresponds to about 15% loss of the absorbed beam power by each burst. The loss rate of
absorbed beam power is increased with the increase in fluciuation ampiitude of TAES. in the
highest beta plasma, where <}, ,> ~ 2.5 % at low magnetic fields (B, < 0.7 T), TAEs aren’t
observed because the resonance condition might not be satisfied.

The observation of helicity induced Alfvén eigenmodes (HAEs)

The MHD instabilities, of which frequency is eight times higher than that of TAE gap, are
newly observed in NBI heated plasmas of LHD at the low magnetic fields (B, < 0.7 T). The
typical discharge where these modes were observed is shown in Fig. 4, where hydrogen
beams are injected into H plasma in the configuration of R_ = 3.6 m at B, = 0.5 T. The
coherent modes in the range of 180 ~ 220 kHz are observed after # = 1 s. The magnetic
fluctuation amplitude reaches bo/B, ~ 10” at the probe position. The observed modes are
identified to be # = 2 and propagate in the diamagnetic drift direction of energetic ion. These
modes are thought to be Alfvén eigenmode (AE), because the frequencies of these modes are
scaled the Alfvén velocity (v,).

The toroidal mode coupling related to 3D magnetic configuration leads to a generation of
new spectral gap, which is related to the helical fields components. In this new gap, the
helicity induced AEs (HAEs) [5,6] can be excited. The frequencies of these modes are by
40 % lower than the predicted HAE gap frequency. However, the full width of the HAE gap
is considerably wide (~200 kHz in this case). The observed modes are thought to be related
to the HAEs.
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Fig. 4, The high frequency modes
with n = 2 are observed in 2
NBI-heated plasma.



We compare these observed frequencies at 7 = 0.8 s of the plasma shown in Fig. 4 with the
shear Alfvén spectrum for N, = 2(Fig.5.), where the toroidal mode coupling among » = 2, 8,
12, ....48, 52, (including 13 kinds of » and 919 modes), is taken into account. The HAE gap
has a good alignment from the plasma core toward the edge. The continua with high-» mode
exist in HAE gap and new continua inside HAE gap might be produced by the absence of
helical symmetry of helical field components [7]. The former continua may not affect the
low-n modes because the toroidal mode coupling is weak and the latter continua may affect
the low-n modes. The solid line in Fig. 5 indicates the measured frequency of magnetic
fluctuation. The frequency lies in the HAE gap at the plasma edge (p ~ 0.8) and intersects
newly generated continua inside the HAE gap location. We predict that the modes would be
strongly suffered from continua damping but mode are excited. The profile of energetic ion
pressure is predicted to be flat because the larmor radius of passing energetic 10n reaches up
to 10 % of plasma radius. Therefore, the gradient of energetic ion pressure has a peak near
the plasma edge and the growth rate of the mode may be significantly large enough to
overcome the damping. It is concluded from these analyses that the HAEs are observed for
the first time in helical systems.

Summary

We investigated energetic ion driven MHD instabilities in NBI heated high beta LHD
plasmas. The m~2-3/n=2 bursting TAEs with large amplitude are observed and appreciably
affect the energetic ion transport. About 15% of the absorbed beam power is lost by each
burst. The high frequency MHD instabilities are newly observed in NBI heated plasmas of
LHD. As a result of a comparison with the shear Alfvén spectrum that in full 3 dimensional
magnetic configurations, the frequency of observed modes lies in the HAE gap near the
plasma edge. The observed modes are thought to be HAEs.
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1. Introduction
Serious MHD instabilities leading to the degradation of the energy confinement time and the

termmation of the discharge have not been observed in experiment on the Large Helical Device (LHD) [1].
It is worthwhile to mvestigate the characteristics of the MHD activities in the LHD plasma theoretically
and experimentally. In this paper, we focus on the exiemal mode (particularly m/r=1/1 mode). The low-n
ideal MHD analysis 1s performed for n=1 mode family on the LHD plasma using the three-dimensional
stability code TERPSICHORE [2].
2. Characteristics of ideal MHD stabilities of LHD plasma at peripheral region

'The analyzed plasma has the magnetic axis at R,=3.6m and no plasma current £,=0. The plasma

pressure p is expressedaSp=po(1-p2)". Here, py, p, and & are the central plasma pressure, nommalized minor

radius in flux coordinate, and the parameter of the profile
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lines mean the contours of Mercier parameter [4] with D=0, 0.2, and 0.4, for 1/27=1.0 resonant mode
respectively. In the case of the fixed boundary condition, the points of the closed circle remain unstable,
and the amplitude of the radial component of the displacement vector (£;) at plasma boundary is zero
(q:70). This structure is defined as "internal mode” henceforth. In this case, the qualitative correlation
between the D; and low-» mode 1 foumd. On the other hand, under the free boundary condition, the
domain of low-n unstable region expands wider m comparison with the fixed boundary condition. In
typical LHD plasma with low-B, the v2m=1.0 and 0.5 resonance surfaces are inside plasma. However,
v2m=1.0 surface disappears under high-B. The equilibrium shown by stars do not have the resonant surface
of 2r=1.0. In this situation, the displacement vector at p=1.0 has the meaningful value and this mode
structure is defined as "external mode” henceforth. The & profile of an external mode has a structure with a
dommant m/7—=1/1 contribution, as described m section 3.
3. Detail of mode structure and wall effect against the external mode

Figure2 shows an exampie of the mode structure of the external mode whose dommant mode is
m/r=1/1. The pressure profile is assumed as ;ﬁ)o(l-pz)o‘s(l—pg) and f=2.73%. This profile does not have
the surface current originate from the pressure gradiert at p=1.0. The rotational transform at plasma
boundary (1,1y27) is below 1.0 (Fig2 (d)). As shown in Fig.2 (a), the components of m/#=2/1 and 1/1

mode appear together. The amplitude of & of the m/7=1/1 mode is maximum at p=1.0, where it Jocally

indicates the tendency toward sbility (Dr<0, dI>0, Fig2bke). @57 TET

On the other hand, m/7=2/1 mode shows the off-resonant modeand Pt ™ "

its peak position is p=0.7. The polential energy at that position is 'Df;(b; S A &

positive that means the stability by m/n=2/1 mode. S o \
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condition. TERPSICHORE is able to calculate the stability with %fﬂﬁi; Ny
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eigenvalue on a (the ratio of the averaged radius of I T

the wall and the plasma boundary) with the range from - ot

1.0 (fixed boundary) to 5.0. The growth rate is almost éMﬁL E:‘; Gt o108
constant at ayar>2.0, that 15, the results are alinost same o]I : —_— wz\ LT
asa free boundary condition. The eigenvalue decreases LEm"i‘-fiyg_ 3 Wall effect o:l external mode.

steeply with g, below a,x<1.5, and finally, the external mode can be stabilized with a,..q <1 .08. We also
adopt a wall shape that is similar to the real LHD vacuumn vessel shape. In this case, the eigenvalue is equal
to the case of a,u=3.0, which means the real LHD wall is equivalent to the case of a,.=3.0 with regard to
the m/n=1/1 mode so that the real LHD wall represents a nearly free boundary condition for ideat MHD
stabilities.
4. The domain where external mode appears

We focus on the effect of the profile of the rotational transform, especially the value at edge v;y2n. Here,
we also assume ﬁo(l_pz)o.s (1-p*). To obtain the equilibrium in various \1y2x, the position of the plasma
boundary is changed m the calculation with VMEC. One way fo produce such plasma configuration
experimentally is usage of a limiter [S]. The low-r unstable region under the free boundary condition is
shown in Fig 4. The points of open and closed symbol mean low-# stable and unstabie, respectively. In the
unstable symbols, the closed circles mean the largest amplitude of &, for m/n=2/1 modes and closed stars
for 1/1 mode. The solid and dashed lines mdicates the contours of Mercier parameter with D=0, 0.2, for

2=0.5 resonant mode, respectively, and dotted line indicates the contour of D=0 for 1/22=1 .0 resonant
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structure in which the m/n=1/1 appears independently. Under the free boundary conditions, the low-#
unstable area is expanded to Mercier stable and 1,1y2t>1.0 region more widely than the case under the
fixed boundary condition. In case of y;y27>1 .0, the low-n unstable area stays in Mercier unstable region
and the mode structure is similar to an mternal mode (Fig4 (b)). In case of 1,1y2n<1.0, on the other hand,
the unstable region exists even in Mercier stable region and the mode structure clearly shows the
characteristics of an external mode (Fig 4 (¢)). In this case, the amplitude of m/n =1/1 becomes larger than
that of m/r=2/1. At the region with Mercier unstable and v,y2n<1.0, the mode structure has the
comparable amplitude of & of m/n =2/1 and 1/1 (Fig4 (d)). These show that the structure of an external
mode, which has the meanigful m/» =1/1 mode, appears in the region of v;y2n<1.0 regardless of the
value of Dy under the free boundary condition.
4.Conclusion

The low-n analysis for »=1 mode family is performed on the ILHD plasma The analysis with
TERPSICHORE predicted that the external mode with m/#=1/1 would be unstable in the high beta region.
The external mode structure, which has the m/m=1/1 mode, appears under the free boundary and
L1y2n<1.0. The perfectly conducting wall of a1 <1.08 stabilizes the external mode. The real LHD wall 1s
equivalent to the a..r=3.0, which is almost free boundary condition. The region where external mode
appears lies under the condition of the free boundary and vy2n<1.0, even in Mercier stable and/or low
region. If the condition with no rational surface of V27=1.0 mside the plasma can be produced, the external
mode could be studied experimentally.
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1. INTRODUCTION
The confinement of fast ions is one of the most important issues on helical devices

since the large helical ripple plays an important role on the topology of the fast ion orbit.
Concerning on the fast ion studies on LHD, (a) the confinement of Neutral Beam Injected
particles during their slowing-down processes, (b) interactions between fast ions and
instabilities and/or ICRF-induced-waves, and (c) the confinement property of fast ions in the
presence of electric fields are the important issues to be studied.

During the high-beta experiment with the configuration of R,=3.6 [m] and
Bt=0.5~0.75 [T], the fast change of energetic neutral fluxes were observed on the E/B-NPA
being associated with MHD burst signals which were measured by mirnov coils. These
phenomena were observed during the 4°- and 5" experimentat campaign of LHD. In this

paper, we will focus on the behavior of fast-tons during these phenomena.

2. Experimental Set-Up

On LHD, two of high energetic neutral beam (NB) injector was in operation during
the 4™-experimental campaign. They are based on negafive-ion sources, thus they have
only single energy components. Each injector has two ion-sources. The injection energy
of the beam was designed to be 180keV. The beam power was about 1.3MW per single
ion-source. The Beam is injected into co- and counter- direction, respectively. From the
5™_campaign, additional 3-NB injector was installed to the counter-direction and started its
operation.

The Princeton-type E//B-NPA was installed on the tangential-port of LHD to examine
the confinement property of fast ions produced by NBL The energy range of the NPA
covers from 0.5[keV] to 180[keV] for Hydrogen, which is sufficient for NB-particle

measurement on LHD.



3. MHD induced neutral flux increase

During the high beta campaign
of LHD, the sudden increases of
neutral flux being associated with the
MHD  burst observed  at
E//B-NPA as shown in Fig.l. The

magnetic filed strength was 0.5-T and

WETE

the direction of the field is reversed
the standard

NPA was

compared to
configurations, thus the
observing the co.-rotating particles.
The high energy component (132-keV)
of the neutral flux was increased at the
time bin when the MHD-bursts were
observed. The flux increase of lower
occurred

energy components

simultaneously and/or after the
increase of high energy components of
the signals. Since the fast neutral
particle measurement is the result of
the product Dbetween the 1on
density(n;(E)) of interested energy and
the density of low energy neutrals
which 1s coming from the plasma
periphery, we must be care full about
on which components MHD-bursts had

their mfluences. If MHD-bursts had

LHD#31219
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Fig.1  Typical wave forms of dischrarges where
neutral flux increases associated MHD bursts were
observed. a)Stored energy (black lines with closed
circles), Deposition power of co.-Neutral Beam (blue
lines with open circles), that of counter.-NB (purple
lines with closed squares) and radiation power (green
lines with open squares) are shown. b) Line averaged
electron density (blue lines with open circles) and
H-alpha signals are shown. c)Magetic flactuation
signals (Bg) measured by a Mirnov—coil is shown.
d)-f)Neutral Flux signals measured by E/B-NPA for
86-keV, 113-keV, 132-keV and 151-keV are shown by
lines with open circles, closed circles, open squares, and
closed squares, respectively.

influences on the peripheral neutral density, the effect should also appear on the H-alpha

signals and the influences on NPA-signals should not have the time delay depending on the

fast neutral energy.

Therefore, the flux increase of the fast neutral was considered to be the

result of the change of the fast ion populations in plasmas.

g

_337



The dominant component of oo e LHD/ 31218 oa
the MHD bursts was TAE whose § 800 2) ’ k 02
toroidal mode number(n) was 2 and §“ ok : :2 i@
poloidal mode number(m) was 3 or = *% L
4. The frequency of the mode was o "
changing quickly during the bursts g:
as shown in Fig.2(b). This mode %m
i 10

was typically observed when the

>

fast neutral flux increase was

B
[=!

observed with a MHD-burst. The E "
small deviation in plasma stored ;E;
energy was also observed. This g 100
phenomena is more clearly seen in gé
5
the time derivative of the plasma i
stored energy as shown in Fig.2(a) oe 0.65 07 0TS

time [s]
and might indicate that the Fig.2 a) dW/dt and mirnov signals are shown in dashed
and solid lines, respectively. b) Power Spectrum Density
of Mirnov signals are shown. ¢) E/B-NPA specira are

. shown by pixel intensities. The circles indicate peak
efficiency by the TAE[1]. positions of the flux increase at each emergy channels.

In Fig.2(c), the spectra of the Dashed-lines show the result of exponential fitting of peak
a ¥

degradation of the NB heating

positions for cach flux increase,

E/B-NPA are shown by a

2-dimensional image. The energy decay of the increased flux was more clearly seen 1n this
figure. The energy decay time of each increased flux was evaluated by the exponential
fitting of peak positions at energy channels of the NPA and was compared to the line
averaged electron densities. As shown in Fig3(a), the energy decay time is inmverse
proportional to line averaged electron densities. This result suggests that the energy decay
itself was the result of classical slowing-down process, since the electron temperature stayed
almost const duning this period of the discharge. To evaluate the slowing-down time of the
particle which was detected by the NPA, a series of orbit following calculation was
performed by taking the launching points of the calculations on the NPA line of sight and by
using the electron temperature and density profile of the discharge. In Fig.3(b), the result

of the calculation were shown for the particle which are traveling at p,,, between 0.51 and

0.64, where the P,y express the particle’s location in plasma minor radius being averaged

along the ombit. In this figure, the time with which the particle of 86-keV spend to lose its



energy down to 54-keV are shown as
slowing-down time. The slowing-down
time of the particle rotating around pa.; =
0.55 well

seems to express the

experimental observations. By comparing
the slowing-down time distribution to the
energy decay time of the increased flux, the
location where the fast ion population
increased was evaluated and 1s shown in
Fig.3(c). There seems to be the
phenomena had a preference to occur at

Pave = 0.55.

4. SUMMARY

Fast Neufral Flux increases being
associated with MHD bursts were observed
by the tangential NPA on low field
LHD-plasmas. The flux increase was

caused by the increase of fast ion

population on the NPA line of sight. It s
turned out the increase at the high energy of
around 130keV was induced by MHD-burst

and the increase at the lower energy is the

a0
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Increased Neutral Fiux [s]
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Skowing Down Timo [s]
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plup

a.2

s
058 s . 0.65 07
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Fig3. a) Comparison of energy decay time of the
flux imcrease to line averaged electron density.
b)The slowing-down time of co.-passing particles
rotating at p,,,=0.513, 0.526, 0,553, 0.594, and
{.646 are shown by short dashed lines, solid
lines, long dashed lines, long center dotted lines,
and short center dotted lines, respectively.
Solid lines with open circles show the epergy
decay time of increased peutral flux, ¢} The
evaluated location where the fast ion increase
was accurred is shown

result of the energy slowing-down of the MHD induced increase at high energy. The

MHD-induced increase of fast-ion population had a preference of being occurred at p,,, of

arround 0.55.

The further analysis is necessary for the identification of the mode of MHD-bursis which

induces the change of fast ion population and for the driving mechanism of the mode.

The

TAE of n=2 and m=3 or 4 is the most probable candidate.
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Spatially Resolved Measurements of Energetic Neutral Particle
Distributions in the Large Helical Device
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Abstract. A silicon-detector-based neutral particle analyzer (SDNPA) was used to study the
fast ion distribution in the Large Helical Device (LHD) for different plasma heating
conditions. The GNET code simulations of the SDNPA measurement are needed for more
accurate interpretation of the SDNPA data.

1. THE MEASUREMENT

The liquid-nitrogen-cocled SDNPA measures the energetic (> 10 keV) neutral flux with an

energy resolution of 1-1.5 keV along six horizontal viewing chords, directed as shown in
Fig. 1. The pitch angles cor-
responding to the six differ-

ent lines of sight cover the

e
s
T

range 38° to 73°, as shown

in Fig. 2. Each detector sees

Detector 1
Detector 2

2
L]
¥

a nearly constant pitch angie.

Effactive Plgsma Radius
-
Y

Detectar3
A vertically movable collima- 02| Detmctors .
Detector &
ting aperture provides a full S . SR
. . ) 3.0 35 4.0 45 5.0
two-dimensional scan of the Distanc along Viewing Chord. m
non-axisymmetric plasma. Fig. 1. Viewing geometry for the SDNPA.
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Fig. 2. Pitch angle distributions along viewing chords and plasma radius.



An insertable Be foil also allows f
the SDNPA t0 be used as a sofi i

X-ray spectrometer and to separate

8

the X-ray background from the

—— Befoi

—t— Uncovered

charge-exchange flux. Figure 3 § \W’W%
shows the spectra obtained for two wl L% 5
ECH shots, with and without a 13- e 4
pu Be filter to stop charge- ’L“
exchange neutrals.
i} B iy A'z[b"” TR

E, keV

Fig. 3. Soft X-ray spectra measured by the SDNPA.

II. FAST ION MEASUREMENTS

Measurements were made on LHD for a
variety of experimental conditions: electron-
cyclotron-heated (ECH) plasmas with ECH
powers up to 1.7 MW; ion cyclotron heating
(ICH) with ICH powers up to 2.7 MW; and
neutral beam injection (NBI) heating up to 7
MW. The relationship of the SDNPA
viewing lines to the NBI paths is indicated in
Fig. 4. Co-injection i1s in the clockwise
direction, so NB 2 iz aimed i the co-
injection direction and NBs | and 3 are
aimed in the counter-injechion direction.

Consequently, fast ions 1n the plasma from

Fig. 4. Relationship of NBs and the SDNPA.

NBs #] and #3 must back scatter to be detected by the SDNPA while fast ions in the
plasma from NB #2 only need to scatter over a smaller angle. Figure 5 iflustrates this point;

detector 6, which is aimed closer to the NB #2 direction, sees a broader energy distribution

_ NB #3
2
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Fast ion distributions from NBI and ICH.



than detector 1, which is aimed closer to the perpendicular. The opposite is true for the
oppositely-directed NB #3 and ICH, which heats closer to the perpendicular direction.

II. EFFECT OF MAGNETIC AXIS SHIFT
Figure 6 illustrates the dependence of heating efficiency on shift of the magnetic axis for
plasmas with NB #1, NB #3, and ICH, which favor detector 1 over detector 6. Plasmas
shifted inward in major radius have improved ion confinement while plasmas shified out
have poorer confinement but theoretically improved MHD behavior. A cleaner illustration
of this effect is given in Fig 7. where the only plasma heating is from NB #2. The fast ion
energy distribution is again broader for the plasma that is shifted further inward.
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Fig. 6. Fast ion distributions for different shifts of the magnetic axis.
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Fig. 7. Fast ion distributions for NB #2 for two shifts of the magnetic axis.

Another effect that enters by the shift of the magnetic axis is the different plasma radii scen
by the SDNPA. Figure 8 shows the difference for R, =353 mand R__= 3.75 m for
slightly different vertical scan positions. Accurate interpretation of the SDNPA data
Tequires modeling of the charge-exchange flux from the plasma taking the magnetic
geomelry into account.



-
[=]

1.0, T Y
= =2
2 0.81 4 B
14 z 0 )
]
g :
& 06k 1 2060 1
[ o
o
= Detector 1 g Detector 1
= 0.4 Datagtor 2 - = ﬂ_d.r Detectar 2 ]
g Detector 3 g Betector 3
LLS
Detector 4 L Dete:
0.2] Detector 5 E [ § Deteg::g 1
Detector 6 Detector B
0_0 1 ¥ 1 1 1 1 L A A
30 5 30 a5 50 00— 35 40 Y —

Distance along Viewing Chord, m Distance along Viewing Chord, m

Figure 8. Viewing pathsfor R, =333 m (left} and R_, = 3.75 m (right).

[78.08) [7achl

IV. SIMULATION OF SDNPA MEASUREMENTS

The GNET [2] code solves the drift kinetic equation for the energetic particle distribution in
5-D phase space using a Monte-Carlo method and calculates the global distribution of the
energetic ions. The fast neutral particle flux to the SDNPA detectors can be simulated from
the calculated distribution. Figure 9 shows the GNET code results for a particular shot with
R, =3.75 mand NB #1 heating. The SDNPA data does not allow comparison with this
shot because of a large soft X-ray background. However, the capability exists and the next
step for the experiment will be to compare the simulated count rate with the SD NPA
measurement for the same shot including the neutral density profile and attenuation of

charge-exchange flux in the plasma.
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Fig. 9. GNET calculation of the fast ion distribution and simulated counts in the SDNPA.

Acknowledgments. This research was supported by the U.S. Dept. of Energy under
Contract DE-AC03-000R22725 with UT-Battelle, LLC.

A

[1]J.E. Lyon et al., J. Plasma and Fusion Res. SERIES 1 (1998), 358.
[2]1 S. Murakami et al., Nuclear Fusion 40 (2000), 693.



Impurity Transport Study by means of
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1. Introduction

In order to realize a practical fusion reactor, impurity particle transport is still one of the important
issues. This study has been done intensely by means of an impurity injection. Conventional methods for
the impurity injection, however, have essential disadvantages, such as a broad source profile of the
mjected impurities and an ambiguity of the total amount of those. In order to solve these problems and
to promote impurity patticle transport studies, a tracer-encapsulated solid pellet (TESPEL) | 1] has been
developed [2] and in recent Large Helical Device (I.HID) experiments, the TESPEL injection has been
mmplemented [3, 4]. TESPEL consists of polystyrene (-CH (C¢Hs) CHa-) as an outer shell (typically ~
0.7 mm @) and tracer particles as an mmer core (typically ~ 0.2 mmm size). It is a unique characteristic of
TESPEL to be able to produce a both poloidally and toroidally localized particle source as a tracer of a
quantity that is well known. Moreover, the flexible choice of the tracer particle is one of the important
characteristics with the chiject of the investigation of the Z-dependence of impurity transport. In LHD,
metallic impurity accumulation has been found only in hydrogen discharges with a hne-averaged
electron density 72, per around 2.0  10° m? [5]. In this paper, the quantitative transport properties of this
phenomenon are investigated by means of the TESPEL with a titanium (Ti) tracer.

2. Experimental apparatus

The Large Helical Device (LHD) is the world’s largest heliotron device having a superconducting
I/m = 2/10 helical coils and 3 pairs of superconductmg poloidal coils. The experiments subjected to this
work were conducted umder conditions of major radius Rz, = 3.6 m, a magpetic field B:=2.75 T, 7, par =
(0.3-3.5) x 10” m® and the electron temperature 7, = (1.8-2.9) keV. A TESPEL is injected from the
outhoard side of LHD by means of the pneumatic pipe-gun technique. In order to obtain the deposition
feature of TESPEL, the ablation light of the TESPEL injected into LHD plasma is observed by CCD
cameras and photo-multiplier tubes with comresponding interference filters for shell and tracer. In case of
the Ti tracer, several Ti micro-balls (with 80-100 pm diameter) have been filled inside the TESPEL. The
total amount of Ti particle was varied approximately in the (0.5-3) x 10 range. The behavior of
emission lines from the highly ionized Ti tracer impurity, Tt Kot (Fyeme ~ 4.7 keV) and Ti XIX (A =
16.959 nm), have been observed by an X-ray pulse height analyzer (PHA) and a vacium ultra violet
(VUV) spectrometer, respectively. Two PHA systems have been used. One system (PHAZ20) is



installed on the equatorial plane of LHD Port 2-O to observe the LHD plasma central chord. Another
system (PHARD), which has 3 channels, 1s done at Port 2.5-L to observe the radial profile of X-ray
emissions. The energy resolution of the PHA system 1s approximately 300 ~ 400 eV. Thus, the
measured Ti Ko emission by these systems contains Ti Kot line emissions from several charge states.

3. Experimental results and Discussions

Figure 1 shows the dependence of the decay time of T
Ko emission measured by the PHA2O on the Ime-averaged
electron density for balanced NBI heated plasmas with the
TESPEL injection. The decay time of Ti Ko mcreases
gradually as the value of r. por increases from 0.3 X 10° m” to
1.9 x 10" m”. There are points above 3.0 x 10" m”, which o 1 2 3 4 5

line-averaged electron denstty { x 10 *m?)

have a considerably longer decay time. This is consistent
qualitatively with the experimental results by the observations
of behavior of an intrinsic impurity [5].

dacay time of Tt K o amission (sac)

Figure 1. The dependence of the decay time
of TI Kax emission on the line-qveragea
electron densihy i the case of balanced NBI
heated LHD plasmas.

In order to estimate the transport coefficients, the impurity

transport code, MIST [6] has been used. A cylindrical symmetry is assumed. The radial particle flux I,
for the i-th charge state ion is modeled by a simple diffusive-convective model:

T; =—D;(r)0n; [Or +V;(r)n;

, where n, is the density of the impunty, D{r) is the radial diffision coefficient and V{r) 1s the convective
velocity, respectively. In our study, the diffusion coefficient is assumed to be a constant in time and
space and the convective velocity term 1s represented as V; = - CA2rD/ar), where C, is the convection
parameter, « is the averaged minor radius of plasma (here, o = 63 crn), and those are common among all

charge states.
As seen in figure 2, the trial and error analysis with

the MIST indicates that the observed behavior of the 3 ! R

emissions of the highly jonized Ti tracer at the value of 2 1 #j e

e o= 1.8 X 10 m™ is well described by the valie of 2 22 ‘TT h ----- :}%}m 3

D = 1000 cm’/sec and ¥ = 0 cmisec, that is, he no £ u. ; ‘ :{‘T}‘}_

convection. Here, the mtensity of Ti Ko emission g Oj 4 . ' ""’ol{’ .; 5-,

measured by the PHA2O is normalized by the value at 1 '8 Rme [Seczf’ 38

the time when the Ti Koo emission rteaches a
maximum.

On the other hand, at the value of 7, pr= 3.5 x 10
m", the temporal evolution of the emissions of Ti K
and Ti XIX is m fairy good agreement with the case of

— o 2 T T N —~ r Pl -~ -~
D =600 cm’/sec and #{a} = -76 cm/sec (sce Tigure 3}.

Figwre 2 Conparison of normalized temporal
evolution of Ti Ko emission (closed circles)
measured by the PHA2O with those calculeted by
MIST with several vem of D and V ai the value of
Mg = 18 X 10 0’ {dash-dotted Ime. D = 800
ontiies, V= 0 cmibsec, dashed one” D = 1000
enthsec, V = 0 cmbec, dotied one D = 3000
cntisec, comvective velocin: at the plasma edge Via)
=285 cmisec)



From the point of view of global behavior, the Tt
impurity transport with n, e = 3.5 x 10" m” can be
explained with the value of D = (300 ~ 900) cm®/sec
and &) =- (19 ~ 114) cm/sec. In this case, the inward
convection should be taken into account.

We investigate the parameter space to where the
plasma with the inferred convection belongs. The
parameter space shown m figure 4 is defined by the
electron density and the electron temperature at the
peripheral region of LHD plasma (p = 0.7). The solid
line m figure 4 indicates the boundary between the
Banana-plateau (BP) regime and the Pfirsch-Schiiiter
(PS) regime. For the smmplicity, this boundary is
calculated with the following assumption. Firstly, the
collision between the Ti impurnty ion and the bulk
plasma ion has been only considered. Secondly, a
dominant charge state of the Ti impurity ion is
helrum-ftke. As seen in figure 4, the data point with the

vahue of 7 pr = 3.5 X 10 m? belongs 1o the PS regime.

On the other hand, the case of 7 por = 1.8 X 10° m?
belongs to the BP regime. In order to examine the
experimentally deduced convective velocities, the
nieoclassical expressions of the radial impurity flux for
axisymmetric devices are utilized for the both regimes,
although 1t might be arpuable that the ome for
axisymmetric devices can be utilized for
non-axisymmetric devices m case of the BP regime.
The radial impunty flux m the BP regime for

axisymmetric devices is given by [7]
Tor = - Dip (hop/Pmp + 3Timp 2T
gt I =32 T, 12T1) Py D

, Where the subscript of ‘mp’ and ‘i’ denotes the
impurity ion and the bulk plasma ion, respectively. The
last two temms have an important role in the case of the
higher Z mpunties. The inward flux could be driven
by the negative " and 77 n this case. In case of the PS
regime, the impurity flux is written as [7]
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Figure 3. Comparison of normalized temporal
ewlution of (@) Ti Ko emission {closed circles)
measured by the PHA20 and (B) Tt XTX emission
{closed diamond) done by the VUV spectrometer
with those calcilated by MIST with several sets of
D and V at the vakie of n, e = 3.5 x 10” m?
(dash-dotied line: D = 300 enitsec, Vig) = -19
crsec, dashed one: D = 600 cni'lsec, Via) = -76
cmlsec, dotted one: D = 900 enisec, Vah = -114
emisec). The balanced NBI was terminated at { =
3.3 sec.
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Banana-Plateau (BF) regime and Pfirsch-Schiuder
(PS5} regime on the assumption that the collision
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(protor) have been only considered and the
dominant charge state of the 11 inpurity fon Is taken
as helum-like. The data poimt with the value of
Hopr = 3521 0 o’ belongs to the PS regime.
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In this regime, the last density term could dnive the inward impurity flux. On the other hand, the last
temperature term could induce the outward one. In any case, the scale length of 2, and 7, should cause
the convective flux toward the center or the edge. Thus, assuming that n. ~ », and 7. ~ 7., the scale
fengths of . and T are estimated. And then the neoclassical convective velocities in the case with % per
= 1.8x 10°° m? and with 7. pe = 3.5 % 10'° m? are calcutated with the estimated values of the . and 7.
scale lengths. In case of 7, e = 1.8 X 10" m™, the convective velocity at p = 0.7, which deduced from
the MIST analysis, 0 crv/sec, agree with the neoclassical one at 0= 0.7, ( 101.6* 128.7) crv/sec, within
the range of the error. On the other hand, in case of 7 por = 3.5 X 10" m”, the neoclassical value at p=
0.7, (52.7+46.6) cm/sec has the opposite sign (the outward), compared with the expermmentally
deduced one at p=0.7, -53.3 cm/sec. Therefore, the estimated convective velocity cannot be explained
in case of 7 par = 3.5 X 10" m” solely by the effects of the pure neoclassical impurity transport and the
effect of some kind, which originates the inward flux, should be taken info account.

4. Conclusions

The quantitative transport properties of Ti impurity on LHD plasmas heated by the balanced NBI
was mvestigated by means of the TESPEL injection. The fairly longer decay time of the lme emissions
from highly ionized Ti tracer was observed above the valtie of A tar = 3.0 x 10" m™. As aresult of the
MIST analysis for the higher density case, the mward convection is required to account for the
experimental tesults, even though the absolute inward convective velocity is less than around 100
cmysec. The comparison between the experimentally deduced convective velocities and the ones
calculated by the neoclassical imprity transport has been performed. The inferred rise of the inward
convection cannot be explained solely by the pure neoclassical impurity transport.
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Introduction. Understanding the fast particle behavior in high-temperature magnetically
confined stellarator plasmas becomes more and more important while plasma parameters
grow up to the reactor-like level. A perspective active method of fast ion analysis is the Pel-
let Charge eXchange (PCX) diagnostics [1], which is based on ion neutralization in a pellet
ablation cloud. This diagnostics has been successfully applied on TFTR for studies of fusion
alpha particles and tritons [2-3] and tritium minority ions [4]. An application of the PCX di-
agnostics for the W7-X stellarator plasmas has been proposed in Ref. P], considering a Li
pellet cloud as a target for CX of fast ICRF-driven protons, and the Neutral Particle Analyzer
(NPA) [4] as a spectrometer of escaping neutrals. In this work, simulations of signals for the
PCX diagnostics on LHD, which uses lithium and polystyrene (CsHg), pellets, are carried
out. Along with the NPA, the Natural Diamond Detector (NDD) [6] is considered as an en-
¢rgy spectrometer of neutrals. Pellet ablation rates and cloud sizes in different ICRF and NBI
-heated LHD regimes were simulated in order to estimate optimal pellet size and velocity as

well as the detector count rate.

Pellet ablation simulations. Li and (CsHg), pellet ablation rate has been simulated using the
Neutral Gas and Electrostatic Shielding Model (NGESM) [5], which allows us to take into
account the effect of fast particles on ablation. The heat flows of fast ICRF-driven protons
and fast NBI ions were evaluated using the distribution functions obtained in the classical
slowing-down approach [7,8], but for the ICRF-driven protons the characteristic slowing-
down time was restricted by the energy confinement time found from the LHD scaling
[10,11]. The following model paramsters and assumptions have been used for the ablation
simulations: 1) the electron and ion temperature profiles T,,7; = T.0,Tox (1 — p?)’ versus the
effective minor radius p, the electron density profile », = neox(1 — p*¥; 2) two regimes with

the following central values: n.0=1.510" m?>, T,o = 2 keV, Ty = 0.8 keV for Regime 1 and



nao= 0.710% m’. To= 4 keV, Tip = 2 keV for Regime 2; 3) the minority H ions content ¢ =
nnge = 0.01 or 0.05; 4) the total ICRH power absorbed by the H minority Progpy - 1| MW
and 3 MW, 5) the deposition profile of the ICRH power - Type A and Type B, which are

shown in Fig. 1 by the dotted and the solid lines corre-

spondingly; 6) the neutral beam energy 150 keV, the ; 0 ] ©Tvpe A
pori-through NBI heating power 4 MW, 20%  of % -

which is evaluated to be deposited mto ions; 7) the .Sj 10 ?_’lyp[,: B ——
NBI power deposition profile is proportional to .. % 0 T

D0 02 04 06 08 1.0

Eflective minor radius p. a.u.
Fig. 1. The model ICRE power
deposition profiles n LHD.

The pellet size 7,0 was chosen as that providing the
electron density perturbation after injection equal to
the initial electron content in the plasma. The «opti-
mal» pellet velocity v,%" was found from the condition of pellet reaching the plasma center.
The pellet sizes and velocities i different LHD regimes are given i Tables 1 and 2 for Li

and (CsHg ) pellets correspondingly.

Table 1 Regime 1 (r,0 = 0.8 mm) Regime 2 (r,o = 0.62)
v, (km/s) for Li o =0.05 =02 o = 0.05 =02
Prera=1 MW | Type A 0.23 0.22 0.70 0.70
Type B 0.24 0.22 0.70 0.70
Pire=3MW | Type A [ 0.35 0.27 0.90 0.75
Type B 0.55 0.32 1.10 0.80
Table 2 Regime 1 (rp0 = 0.59 mm) Regime 2 (7,,0=0.46 mm)
v, 7" (karys) for (CsHg)n | 00 = 0.05 =02 o =0.05 a=0.2
Picre=1MW | Type A |0.65 0.65 2.10 2.10
Type B 0.66 0.65 2.10 2.10
Pierg=3MW | Type A ]0.90 0.70 2.50 2.20
Type B 1.25 0.80 2.70 2.20

From Tables 1,2 it follows that 1) the v, values are 2-3 times larger in the Regime 2
compared to the Regime 1; 2) the v,”" values for Type A are 1.0-1.6 times greater than for
Type B, 3) ablation is stronger and v, is 1-2.3 times higher for regimes with greater values
of Picrsr and a smaller minority fraction o. An additional experimental investigation of pellet
ablation in ICRF-heated LHD regimes is desrable.

Both the fast CX neutrals flux emitted from the pellet cloud and the PCX detector signal de-
pend on the transverse cloud size. Following to Ref. P], two estimations of the transverse
cloud size have been made. The radius of the cloud plateau r,; was estimated from the energy
balance between the electron heat flux flowing onto the cloud from the bulk plasma and the

energy required to evaporate, dissociate (if necessary), heat accelerate and ionize the evapo-



rated material. The “exponential wings™ scale was also estimated as the ionization length of
the ablated neutrals to the first charge state (io.). Thus, for Li pellets we obtained rpzu ~ 0.5-
1.5 mm, 7ipn ~ 1-3 cm, while for (CgHg), pellets r,,“* ~ 1-2 mm, 7,,"F ~ 0.5-5 cm. For
both cases, the size of the cloud plateau is small compared to the transverse decay length.
This means that the slowly decaying “exponential wings” length should give a contribution
to the fast particles CX. For simplicity, the cloud plateau size values were used for the PCX

signals simulation. Such simplification might yield underestimated PCX signals.

Estimation of the PCX signals
The count rate of both the NPA and NDD detector depends on 1) the proton energy distribu-

tion function, 2) neutralization properties of the cloud, 3) detector parameters.
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Fig. 2. The simulated counts profiles along the pellet trajectory: a) at the NPA for the Regime 1, ICRH Type
B, Picrer =3 MW, o= 0.05. The symbols from upper to lower curve correspond to the neuirals energies E (and
energy resolutions AE/E) 266 keV (0.113), 322 keV (0.094), 404 keV (0.085), 498 keV (0.074), 608 keV
(0.067), 727 keV (0.061), 857 keV (0.058), 1 MeV (0.056). b) at the NDD for the regimes 1) Regime 1, Type
B, Picrr =3 MW, @ = 0.05, S.= 8.5 107 cm®, 2) Regime 1, Type A, Pegg = 3 MW, o =005, S.=7.9-10° e,
3) Regime 2, Type B, Picgy =1 MW, 0.=0.2, 5, = 1.6 10® cnf, 4) Regime 2, Type A, Piegyr = | MW, =02,
S.=94-107cnt’. The magnetic axis is at R=360 cm, separatrix is at R=446 cm.

In the current simulations, eq. (4) from Ref. [5] was used for the count rate calculation. The
H" distribution function was taken from Ref. [7]. The fraction of neutralized protons was
calculated using the CX cross-sections of H and H in a 100% L{ and in a (25% C'*, 25%
C*, 50% F) clouds. For details and for the detector parameters see Ref. [5, 6]. For L1
clouds, the count rate profiles over the time intervals Ar = AR/, (here the spatial resolution
AR=3cm and v,*" is given in Table 1) are shown in Figs. 2a and 2b for the NPA and NDD
detectors correspondingly. The signal in Fig. 2a might be well detectable by the NPA. In the
case of (CgHg), cloud, the NPA signal is an order of magnifude greater. The profiles in Fig.
2b were obtained with the restriction on the area of the NDD collimating aperture S,, which



should provide the count rate below the maximum acceptable value at a 3 cm desired spatial
resolution. The values in Fig. 2b are essentially less than the count rate necessary for the en-
ergy spectrum with good statistics (1000-2000 counts). Therefore, achievement of a good
statistics over the whole energy range together with acceptable spatial resolution seems to be
a technical problem for the NDD operating with analog spectroscopy electronics at count

rate up to 10° cps.

Summary. The ablation behavior of lithium and polystyrene pellets has been simulated in
various LHD He plasma regimes with ICRF driven H minority. The simulations showed
that for pellet penetration to the plasma core it is preferable to inject pellets in regimes with
higher plasma density and lower plasma temperature, with lower ICRH power, with a larger
minority fraction, and when the ICRH power is deposited closer to plasma periphery. Li
pellets of 1.2-1.6 mm in size and with 0.2-1.1 km/s velocities can provide a core pellet pere-
tration in the regimes simulated. For polystyrene pellets of 0.9-1.2 mm size (with the same
electron content), higher 0.65-2.7 km/s velocities are required for the core penetration. Esti-
mations of the PCX neutrals energy spectra for LHD made for two types of detectors NDD
and NPA show that for both Li and (CsHsg), pellets, the estimated number of the incident fast
CX neutrals can be well detected by the E||B NPA with spatial resolution of about 3 cm in
those regimes, where a visible effect of the ICRF driven protons on pellet ablation is &-
pected. For the NDD at count rate up to 10° cps, a lack of statistics over the whole energy

range is expected at an acceptable (3 cm) spatial resolution.
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Abstract
A vortex with a deep density-cavity in its center, "plasma hole," has been observed in a
rotating magnetized plasma. The flow velocity field and vorticity distribution of the plasma
hole are experimentally determined. Tt is found that the plasma hole is identified as a Burgers
vortex and the plasma exhibits anomalous viscosity. This is the first experimertal
observation of a dissipative vortex in a plasma.

1. Introduction

Plasmas of interest in the research of vortex dynamics are conservative or nearly conservative
systems so far, and are close to or equivalent to two-dimensional Eulerian fluids. In real plasmas,
however, effects of instability and dissipation might play an important role on the formation of
vortices. We have shown that a spiral drifi-vortex is generated in a rotating magnetized plasma, and
the origin of spiral nature is attributable to the existence of instability. [1,2] On the other hand, the
effect of dissipation on vortex formation has not been fully understood. Since macroscopic flow
structures excited in a plasma with dissipation (due to viscosity) are subjected to continuous energy
damping due to internal friction, vortices survived under the circumstance should be 2 dissipative
structure. Such a vortex, however, has not been experimentally observed in plasmas yet. We present in
this paper the experimental results on the formation of dissipative vortex in a plasma , which is
identified as a Burgers vortex.

2. Experiments

The experiments have been performed with the High Density Plasma Experiment (Hyper-1) device
at National Institute for Fusion Science. Hyper-l is a linear plasma device (30 cm in diameter and 200
cm in length) with ten magnetic coils. The plasmas are produced by electron cyclotron resonance
heating, using a microwave of frequency 2.45 GHz and of maximum power 15 kW. The magnetic field
configuration is a so-called magnetic beach structure (1.25 kG at z=30 cm, 875 G at z=100 cm). [3]
The typical electron temperature and density are 20 eV and 1x10 cm™, respectively. We have
observed a cylindrical density cavity (referred to as plasma hole) in a helium plasma. The perspective
mmage of plasma hole taken by a CCD camera is shown in Fig.1. The central dark region in Fig.1
indicates a deep density hole, the sizes of which are 6cm in diameter and more than 100cm in axial
length. The plasma density in the hole region is one tenth of that in the ambient plasma, and the width
of transition layer between the hole and ambient plasma is about 1.2 cm, which corresponds o several
ion Larmor radii. This steep density gradient is a remarkable characteristic of the plasma hole. The
space potential measured with an emissive probe is 110 V at the hole center and 30V in the ambient



plasma. There also presents a steep potential gradient 1n the density transition layer. and the electric

Fig.! CCD limage of Plasma Hole Fig.2 Vector Field Plot of Ion Flow.
g

field in this region is about 40 V/cm, which induces azimuthal rotation of the plasma. Flow vector
field associated with the plasma hole has been measured with a directional Langmuir probe (DLP). [4]
The vector field plot of ion flow is shown in Fig.2. The flow pattern exhibits a monopole vortical
structure with a sink in its center, and the velocity at the hole boundary (r ~ 3 cm) exceeds the ion
sound speed. When the direction of magnetic field is inverted, the azimuthal velocity also changes its
sign, indicating that the azimuthal rotation is due to K x Bdrift. In fact, the maximum azimuthal
velocity (~3x10°cm/sec) is well explamed by the E x B drift with the observed electric field (40
V/cm). On the other hand, the radial flow velocity remains unchanged when the polarity of the
magnetic field is inverted. This suggests that the driving force of radial flow changes its sign with the
magnetic field inversion. The most probable mechanism of occurrence of radial flow is viscous drag
force originated from the shear of azimuthal velocity V. This force reverses the direction with the
inversion of the magnetic field, and thus the resultant F x B dnft remains unchanged.

We calculate the z-component of vorticity at each point by performing the line integration defined
by the following equation:

© =(rorv)-e, =Go-dl/AS, )

where the integration path is taken along the minimum square passing through the neighbouring four
velocity vectors, and AS the area bounded by the integration path. Figure 3 shows the vorticity
distribution as a function of radius, where the error bars correspond to the dispersion of the data, and
the closed circles indicate the average values. It should noted that the vorticity is localized in the

central hole region, and negligible in the ambient plasma, showing a Gaussian profile represented by
the solid curve.

3. Discussions

In order to understand the mechanism of vorticity concentration observed in the experiment, we
consider vorticity dynamics for ion fluid. Taking a curl of the momentum equation for ion fluid in 2
uniform magnetic field, we obtain the following vorticity equation:

%ﬁ+v-V(u=(u-Vv—wV-v+vA(u, (2)
'

where Vv 1s the kinetic viscosity. This equation is identical to that of nonnal fluids except a constant



vector, which comes from the ion cyclotron frequency vector (@ — w+£2.). Thus, we can discuss
vorticity dynamics of ion fluid with the same physical picture as ordinary fluids.

When there presents an inward convection (¥, = —or, o > 0), vorticity localization may occur
through the balance between diffusive process due to viscosity and concentration due to convection,
generating a stationary structure. This is known as Burgers vortex. [5, 6] The vorticity profile of
Burgers vortex 1s given by a Gaussian distribution, which is characterized by the total circulation T

at the initial time and the scale length of the vortex /,
2

I r
m(r):ﬁexpi—l—z] . (€))

where the quantity / is determined by the square root of the ratio of viscosity to magnitude of inward

l=\/§, S
ol

The solid curve in Fig 3 indicates the best fit Gaussian profile, for which the parameters are
taken to be T =7.7x10” cm®/secand {=3.0cm. Then, the azimuthal velocity is uniquely
determined by integrating eq.{3) and is given by

r re
U, (?") ﬁ'i;;:(lexp["l—zilj » (5)

which behaves as ¥, oc v (rigid rotation) for » <</ and F| oc 1/r (vorticity free rotation) forr > 7.
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Fig.3 Vorticity Profile Fig.4 Azimuthal Velocity Profile

Figure 4 shows the azimuthal velocity J; as a function of radius. The experimental results are also
plotted in the figure by closed circles, showing a good agreement with the theoretical values.
10 . : : . —— Presence of inward convection is of

i | ! ] essential importance on the formation of

o6 : .

44 Burgers vortex, and is assumed so far. The
radial velocity component as a function of

§~ j_: radius is depicted in Fig.5, showing that there
o4 exists in fact an inward flow proportional to

46 the rtadius. According to these resulis, the
’:: ¥ ' ' ; ( ‘ ] localization of vorticity observed in the present

60 w20 x ('gm) 20 40 &0 experiment is identified as a Burgers vortex.

[7] Finite viscosity of fluids induces
Fig.5 Radial Velocity Profile



irreversible thermalization of fluid motions due to internal friction. We have experimentally
determined the radial profile of dissipation rate by using the rate-of-strain tensore,, . It is found that
e, term dominates the rest of all, and 61 % of the total dissipation is produced by this term. It is
emphasized that this term corresponds to the dissipation of azimuthal rotaion by internal friction. It is
found that the dissipation layer is located in the periphery of the plasma hole, and the energy of
vortical motion transported by viscous diffusion is finally consumed into heat in this layer. It should be
pointed out that the energy dissipation undertakes stationary nature of the plasma hole, which is
organized in a plasma with continuous input of energy. The plasma hole is a dissipative structure in a
rotating magnetized plasma.

The viscosity coefficient v,, can be estimated from the scale of vortex / and the coefficient
o of inward flow using the relation eq.(4). Substituting o = 4.4x10" sec”' from the experimental
data and /= 3.0 cminto the above relation, we have v, = 2x10% cm? / sec , which is four orders of
magnitude higher than the classical value v, =1 x10? cm® /sec [8], and still one order of magnitude
higher than the anomalous viscosities observed in magnetically confined plasmas.

One of possible cause of viscosity anomaly might be attributable to the breaking of quasi-neutrality
in the hole plasma. Using the Poisson equation and potential data, the normalized density difference
dn/n (dn=n —n,) is of the order of (A, /R)* (X, : Debye length, R: plasma radius), and is
107? in the hole region in contrast to that in the ambient plasma 107 . Therefore the Debye shielding
is insufficient in the hole region, and the potential leaks to outside far beyond the scale of Debye
length. This long range interaction might make it possible to transport momentum in azimuthal
direction faster to the radial direction. Another possibility of the origin of viscosity anomaly might be
attributable to turbulence induced by instablity of electrostatic waves such as drift wave turbulence or
lower hybrid turbulence etc., since there exists strong inhomogeneity in density profile. Unfortunately,
we have not experimentally identified the origin of viscosity anomaly yet, and the detailed analysis
remains for future study.

4. Conclusions

We have observed the plasma hole in a rotating magnetized plasma, and identified it as a Burgers
vortex in a compressible fluid. The remarkable characteristic of the Burgers vortex in a plasma is a
deep density hole with a shock-like fransition layer at the boundary. The vorticity distribution well
agrees with a Gaussian profile. The effective viscosity far exceeds the classical value. Although the
viscosity anomaly is not fully understood vet, the implication of the present result is that plasma is
much more "sticky" than expected. Therefore Burgers vortex as a dissipative structure will play a
crucial role in structure formation in plasmas.
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1. Intreduction

Electric field in magnetized plasmas drives a rotating motion by ExB drift, giving rise
to macroscopic structures. Recently spontaneous formation of a cylindrical density-cavity
structure, which is referred to as plasma hole, has been observed in a laboratory ECR plasma.
[1, 2] From the viewpoint of flow structure, the plasma hole is 2 monopole vortex with a sink
and 15 identified as a dissipative vortex (Burgers vortex). Since the azimuthal rotation is
driven by ExB drift, the fact that the maximum rotation velocity exceeds the ion sound
speed implies the existence of strong electric field, and the problem of interest is how such a
strong electric field is self-generated in the plasma. In this paper, we present the results of
potential profile measurement of the plasma hole. On the basis of Poisson’s equation, we
also present an estimation of the degree of quasi-neutrality breaking occurred in the plasma

hole.

2. Experimental

The experiments have been performed with the High Density Plasma Experiment
(HYPER-I) device at National Institute for Fusion Science. [3] HYPER-I is a cylindrical
plasma device (30 cm in diameter and 200 cm in length) with ten magnetic coils. The plasma
is produced by electton cyclotron resonance heating in a magnetic beach, where the
microwave power is 5 kW and the frequency is 2.45 GHz. A helium gas has been used with
the operation pressure of 0.6 mmTorr. Typical plasma parameters are as follows: the electron

temperature is 20 eV, the plasma density 10%m> (hole plasma) - 10''cm® (ambient



plasma).

Floating emissive probe method [4] has been adopted to measure the plasma potential
profile. The emissive probe has been constructed as follows: the emussive filament is made
of a small loop of tuntalum wire (0.2 mm in diameter) welded to tungsten rods (0.8 mm in
diameter), which are mounted in a two-hole ceramic insulator. The measurement circuit is
grounded through a high impedance load resister. As the electron emission from the heated
filament becomes sufficiently high, the probe potential comes to indicate the plasma
potential directly, which has been experimentally confirmed by the /- characteristics of the

emissive probe.

3. Results and Discussions

The radial density profile measured with a Langmuir probe is shown in Fig. 1 (a). A deep
density hole exists at the center of the cylindrical plasma, and this i1s why we call this
structure plasma hole. The density in the hole plasma is indeed one tenth of that in the
ambient plasma. A typical potential profile of the plasma hole, together with the potential
profile without the plasma hole, is shown in Fig. 1 (b}, in which two distinctive features can
clearly be seen: (i) The potential has a bell-shaped structure and sharply increases toward the
center, the maximum value exceeding more than 100 V, which is five times higher than the
electron temperature. The drastic increase in plasma potential begins from the density
fransition layer (x ~ 30-50 mm), in which the density profile has the steepest gradient. (ii)
There is a spatial oscillation in potential profile arcound x ~ 50 mm, indicating the alternation
of the electric field direction. We have also measured the two-dimensional potential profile
to confirm the axisymmetric profile. On the other hand, the potential profile of a plasma
without any characteristic structure exhibits no spatial 1rregularity, and the maximum value
18, as is expected, approximately equal to the electron temperature.

Since the plasma hole has the intense electric field (40 V/em) compared to that without



plasma hole (~1 V/cm), the breakdown of charge neutrality may takes place in the hole

plasma. The quasi-neufrality breaking can be evaluated from the Poisson’s equation

WVZ;_&: dmedn, whers Srn=gn -z, A cormine the maenitude of the notentizl il ~ _’Z’; /e,

A Assuming the mag of potential =
and the characteristic scale-length is equal to plasma radius L, we have the normalized
density difference as on/n ~ (/1,_, / JL)2 , where A4, is the Debye length. A typical value of
Sn/n for a plasma without plasma hole is estimated to be of the order of 10" under our
experimental conditions (7, ~20eV,L=15cmandn ~10"cm™). It should be noted that

on/n represents the degreer of quasi-neutrality breaking, or non-neutrality, of the plasma.
By taking the second derivative of measured potential profile, the value of Sn/r can be
calculated directly. As shown in Fig. 2, dn/n of the plasma without plasma hole is of the
order of 10, which coincides with the expected value from the Poisson’s equation. The
degree of quasi-neutrality breaking of the plasma hole is, however, considerably greater than
the expected value for a plasma without plasma hole. The quantity Jdn/n attains its
maximum value (8x107) within the hole plasma region (ion-rich); it is about 10° times
higher than that of quasi-neutral plasma. In addition, the electron-rich layer can be seen in

the interface layer ( x ~ 35-50 mm ) between the hole and the ambient plasma.

4. Conclusion

The characteristic potential profile of the plasma hole has been measured with an emissive
probe. The potential has a bell-shaped structure and its maximum value is five times higher
than the electron temperature. The quantity dn/n of the plasma hole has been calculated
from the Poisson’s equation and the potential data; it is about three orders of magnitude
higher than that of the ambient plasma. It is found that the quasi-neutrality breaking occurs
in the plasma hole, producing the very high potential { ¢ ~ 57_) and the resultant supersonic

ion flow in azimuthal motion. It is also found that the double layer structure does exist in the

55—



transition layer between the hole and ambient plasma. The elucidation of the mechanisms of

occurrence and sustainment of this quasi-neutrality breaking is lefi for future study.
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1. Introductien

Understanding of turbulent transport in 2 toroidal plasma is a very important and challenging task
in magnetic confinement fusion research. Correlation measurements among plasma fluctuations are
crucial to clarify underlying physics mechanisms in turbulent particle and heat transport of a toroidal
plasma. In the case that electrostatic fluctuations are dominant the turbulent particle and electron heat

. - - 3 I J—
fluxes are respectively expressed as i,y = <,,e Eg)/ Brand Q.= 5(Te (,, o Ee} +ng (;re 59))/ B, where

ne Teand Eg are fluctmations of electron density, electron temperature and poloidal electric fieid,
and B, is the toroidal magnetic field strength. However, the comrelation measurement is extremely
difficult in high temperature plasmas, except for the measurements with Langmuir probes in the plasma
edge region.  1f the transport behaviours in a high temperature plasma is simulated by those In a cold
and low density plasma, detailed studies of turbulent transport are possible in sach low energy density
plasma with aid of Langmuir probes and may provide 2 knob to clarify unknown transport mechanisms.
When the relevant dimensionless plasma parameters such as .+ (effective collision frequency),
B, ( toroidal beta) and relative scale length of density and temperature  profiles except
for p* (normalized gyroradius) are the same in two kinds of plasmas, these two plasmas are
“dimensionally similar” each other and their plasma transport is expected to be similar{1,2]. Based on
this hypothesis, we have started a new simulation experiment on high temperature plasma transport
using low energy density plasma obtained at low toroidal field (B, <0.1 T) m CHS heliotron/torsatron.
Main objectives of this new experimental campaign are as follows, (1) to compare fluctuation
characteristics of both plasmas, (2) to obtain mmproved confinement regimes observed in hot plasmas
and clarify physics mechanisms of turbulence suppression, and (3) to establish realistic transport model
in a torotdal plasma through detailed comparison between experimental data and numerical simulations.
In CHS, we intend to produce low energy density plasmas at low toroidal ficld (B; ~0.09T) with
2.45GHz microwaves (up to 20 kW) and/or 9 MHz helicon waves( up to 100kW). The electron
density from10'® m™ to 10" m™ and the electron temperature from 5 €V to 100 ¢V are expected in low
cnergy density plasma, where the expected effective collision frequency v=(=0.01-1) and toroidal beta



B, (= 0.01 — 1 %) are comparable to thosc in high terperature plasmas at B209T

2. Plasma parameters in an initial experiment

An initial experiment presented here was performed in so-called outward-shifted plasmas

produced with up to 1 kW ECH. In these plasmas the toroidal beta value is still very low
( 8, =0.002%), but v«and p'= are comparable to those in CHS plasmas at B, 2 0.9T. Thus plasma is

not dimensionally similar to that at high magnetic field. Nevertheless, it is interesting and important
for this new experimental project to investigate characteristics of electrostatic fluctuations in the plasma.
Plasma parameters and their fluctuations were measured with a triple probe {3]. Radial profiles of
electron density n,, electron temperature 7, and plasma potential ¥, in a plasma produced by 0.4 kW
ECH are shown in Fig.1(a). The density profile is slightly hollow and electron temperature has a very
flat profile, where ECR layer is located at the magnetic axis. This hollow ne-profile 1s very similar to
the ECH plasma obtained at high magnetic field (B=0.9T). In Fig.1{b), the radial profiles of the

radial electric field Er and its shear Er’ are also shown.
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Fig l(a) Radial profiles of electron temperature, density and plasma potential in a plasma

produced by 0.4 kW ECH ai Bt=0.0873T. (b} Er and Er’profiles derived from Vs.

3. Characteristics of electrostatic fluctuations

In Fig.2, we compare power spectra of ion saturation current and floating potential in the plasma
edge (p~1) of a low energy density plasma produced by 2.45 GHz ECH at B~0.09 T and NBI heated
plasma at B,~0.9T, where ECH and NBI powers are respectively to be 0.4 kW and 500 kW.  Although
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Fig 2 Comparison of frequency spectra of edge fluctuations measured al p~1 for 0.4 kW ECH plasma

and 500 EW NRI plasma, wheve P[Tis] of the ECH plasma is in the noise level in the range of > 70 kHz.



the magnitude of the spectral power of the NBI plasma is by three or four orders magnitude larger than
that of ECH plasma, both spectra have a very similar turbulent character without clear coherent modes.

In this Jow energy density plasma, fluctuations can be measured even in the plasma core region
with LP, as shown in Fig.3.  All fluctuations of 7, 7, and ¥, are increased rapidly from p~0.7 toward
the edge. That 1s, the relative amplitudes of n,, T, and V; fluctuations are respectively ~5%, ~5% and
~1% at p~0.6, and ~13%, ~7% and ~23% at p~0.9. That is, the n,-fluctuation level is two time larger
than that of 7. These features are very similar to that of edge turbulence in tokamak and helical
plasmas[3-5]. Note that a reduction in these fluctuations is seen just inside the last closed flux surface.
In this edge region, the radial electric field shear is fairly small (Fr'~2-3.5 x10%V/m?) as shown in
Fig.1(b), but the poloidal velocity shear is fairly large ~2.3-4x10° 1/s ) because of low magnetic
field(B~0.09T). This reduction is also similar to that in the edge region of the TEXT ohmic plasma
{6]. ’
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Fig.3 Radial profiles of the relative amplitude of Te, ne and Vs fluctuations.

Frequency spectra of these fluctuations in the scrape-off layer(p~1.1), edge (p~0.9) and core
(p~0.6) are shown in Fig.4. Speciral power of n-fluctuations is concentrated less than ~50 kHz in the
edge region and less than 30 kHz in the core region. On the other hand, the spectra of 7, and 7,
fluctuations extend to relatively high frequency range more than 100 kHz in the core region as well as
theedge.  The turbulent particle flux T,y is obtained from the correlation between n,.-fluctuations
and poloidal electric field { £g) fluctuations which are derived from the difference of the floating
potential signals at two points separated poloidaly by 6 mm.  That is, the effect of T,-fluctuations was

neglected in the present analysis. The frequency spectrum of Taup 1S concentrated in the low
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Fig.4 Frequency spectra of ne-, Te- and Vs-fluctuations for different radial locations at P=0.0( red),
=0.9(bluc) and p=1.1(green). The black dotted curve denotes the noise level(BG).



frequency range less than ~20kHz. Note that the phase difference between ne- and Eg - fluctuations
is nearly 0 degree over the range of 100 kHz in the region of 0.4€ps.1.1.  The radial profile of the
particle flux integrated in the frequency region Ty, is shown in Fig.5. The turbulent particle flux is

Jocalized 1n the edge region from p~0.8 to p~1.1.
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Fig 5 Radial profile of wrbulent particle flux.

4. Summary

Characteristics of plasma profiles and fluctuations in a low density and low temperaturc plasma

produced with <1 kW ECH at B~0.09T were investigated in CHS.  Although the beta value of this
plasma is very low as 5, ~0.002%, the other two parameters 2 (~0.07) and v*(~0.9) are similar to

those in a high temperature plasma obtained at high magnetic field (B20.9T). Radial profiles of
relative amplitude of n,-, T.-, and ¥, fluctnations, power spectra of the ion saturation current and
floating potential also exhibit similarity to those in high temperature plasmas. Even this preliminary
experiment suggests a potentiality that transport characteristics might be simulated with those in a low
energy density plasma obtained at low magnetic field condition (B<0.1T).  Experiments with

2.45GHz ECH of ~20 kKW and/or helicon wave heating of ~100kW are required in order to adjust
similar values of relevant dimensionless plasma parameters such as v, B, o and the relative scale

length of density and temperature profiles, and to proceed detailed comparison of transport
characteristics with those of high temperature plasmas.
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1. Introduction

In the helical devices, the particle orbit of the NBI co-injection beam against the
direction of the forus magnetic field is different from that of the counter injection.
According to the calculation, the guiding center of the particle orbit is close to the magnetic
axis and shified to the high magnetic field side in the co- and counter- injection, respectively.
The tendency is remarkable in the low magnetic field On the simulation in the Large
Helical Device (LHD), the spatial distribution of the particle of co-injection on the mid-plane
is expanded to the entire plasma’. On the contrary, that of the counter-injection is localized
near the high magnetic field side. Therefore the part of the particles is lost by the collision
with the mner wall. The disadvantage can be overcome by the increase of the magnetic
field. The difference of each orbit strongly reflects the charge exchange neutral particle
flux.

In the 4® experimental campaign, NBE! as the counter-injection and NBI#2 as the
co-injection are prepared. In 5% cycle, NBI#3 is added as the counter injection beam.
NBI#1 and #3 change to the co-injection and #2 changes to the counter-injection by the
inversion of the magnefic field direction in some shofs on the 5™ cycle.

2. Experimental Setup and Diagnostics
The time-of-flight type NPA (maximum /minimum observable energy 0.5/370keV,
typical energy resolution 7%) has the capability of a high S/N ratio against the radiation

including softhard X-rays from plasmas®>.  The

analyzer and the movable stage are installed at the
mid-plane of LHD on the 10-O port. There are two
veamsme  NBIS (NBI#1 and #2) at neighboring poris to 10-O
(Fig.1). NBI#3 1s installed in the parallel direction
with NBI#2 from the 5 campaign. In particular, the
beam path of NBI#l crosses the sight line of the
"‘":E?se analyzer. Therefore a large amount of particles from
Figure 1. The experimental the plasma center can be expected, which is suitable
configuration of LHD_ NBI and

the neutral particle energy
spectrum m EHD.

for the high-energy distnbution measurement. The



scannng 1s performed with the pivot m front of the 10-O port by using a motor, which is
remotely controlled from -2 degrees to +31 degrees (0 degrees indicates the direction
perpendicular to the 10-O port flange surface). The angles are equal to the pitch angle (the
angle between the magnetic axis and the sight line) of 100 degrees and 40 degrees,
respectively.

The position (=angle) can be measured from the length of the stainless wire between the
stage and a fixed point. The position data are sent to the Windows computer. At the same
time, the timing data can be provided to the computer from the timer, which is triggered by
the LHD discharge initiation.
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Two different expenments are performed to § 0al ® 0.4 (Co=Ctr) 3o

compare the behavior of the co-injection with the % 03 .4.— o G _"';”

counter injection. The plasma initiated by ECH ° Zf * “:j

heating 1s sustained by NBI#! (counter). Modulated 0 bt s
NBI#2 (co} is added to the plasma. The TOF Enersy (kev)

analyzer is set perpendicular against the plasma Figure 2. Intensity ratio of the
Y L Pep _ o P _ particle flux between the co-
magnetic axis in order 1o investigate the comparison.  and counter injection NBL

Figure 2 shows the intensity ratio between the
flux during NBI#1 (counter) and that during
NBI#I+NBI#2 (modulated, co-injection). The
neutral particle flux in the counter injection is
less than that in co-injection even 1if the
difference of number of the beam particle is
considered. Background neutrals, which

produce the high-energy neutral particles by the

charge exchange reaction, are distributed near
i _ the plasma edge. The neutral particle flux
E;%ltlrgﬁ pigi)éle Ticl:fergifpa;;)ztﬁi?riveig the counter injection is not much because the
NBI long discharge (co-injection). particle orbit in
the counter

injection is not located near the plasma edge. The particle

confinement i the counter injection may be worse than that

m co-1njection. However the possibility cannot be verified
only by this expennment. The pitch angle distnibution of the

3a

high-energy neutral particle cannot be observed m the @ w «
Phih Aocte (o)
modulation experiment. The trapped particle instead of the

transit particle can be mainly observed in the modulation Figure 3(b). The contour
plot of Fig. 3(a).



experiment because the analyzer is set perpendicular to the magnetic axis.

To overtake the disadvantage, the pitch angle scan experiment during long discharge 1s
performed. The accurate experimental result can be expected in the scanning on the long
discharge rather than the scan shot-by-shot. The accurate comparison between the co- and
counter injection can be expected so the horizontal scan of the analyzer during long

discharge is also done m the inverse magnetic field.

10'° TR The spatial resolved energy spectra can be observed
m,,zg 4 ! - ;;‘% during a long discharge of NBI plasma by
g | :'—%W continuously  scanning the neutral particle

Iw“ EM ;_g,é analyzer’*. Figure 3(a) shows the time evaluated
o i? y " T (=angular distributed) three-dimensional spectrum

1 4 obtained by overlapping of three NBI plasma

16" [t by, discharges.  The pitch angle means the angle
Energy{keV} between the dght line and the central magnetic

Figure 3(c). Energy spectrum  axjs. In these discharges, the plasmas are
g{gﬁ‘ch pitch angle obtained by Fig. 4 io1cd by the ECH heating, after that NBI#2

(co-injection) sustains the plasma during 40 - 60
seconds. The scanned pitch angle is from 44
degrees to 74 degrees.. The electron density
measured by the interferometer is kept to be
almost 2x10'° cm™ during discharge except the
plasma initiation phase. At the initiation phase

by ECH plasma, the highrenergy particle flux is

enhanced as the density is too low and the o

background neutral density is high.  The "%ﬁx

injected hydrogen neutral beam energy of NBI#2

Figure 4a). The spatialresolved
neutral particle energy spectrum

polarity is negative. To make clear the pitch in NBI long discharge
(counter-mjection).

is only 130 keV because the original ion source

angle dependence, the contour plot of Fig.3 (a) is

MBI Candenasys Sean shown in Fig. 3(b). Figure 3(c) shows the spectra at

b ) St some typical pitch angles. The shape of spectra is
ol almost similar from 44 degrees to 53 degrees.

g However the spectra from 55 degrees' are strongly
st varied. It reflects the mjection pitch angle of the beam
according to the simulation (53 degrees at Rax=3.75 m

e R T w %% ™% in simulation). The beam keeps the pitch angle at

. Frek e (1432 mcidence unti] the beam energy becomes fo the energy,
E;%‘;;Z?S’ )- The contour plot which the pitch angle scattering is occurred by the



energy loss due to the electron cellision. The low flux region can be observed around
10-15 keV, which 1s 15 times the electron temperature. The energy region may be equal to
the energy at which the pitch angle scattermg is occurred.

The pitch angle distribution and the contour plot are shown in Fig. 4(a) and Fig. 4(b),
respectively when the magnetic field is inversely applied. The large variation at 48 degree
can be observed. The pitch angle of the particle is almost conserved in high-energy region
because the pitch angle scattering occurs near the energy of the 15 times of the electron
temperature. It is not believed that only the particles with large pitch angle are localized
near the plasma center where the back ground neutrals 1s not rich. Therefore it is
reasonable that the particle with the pitch angle between 48 to 53 degree is lost. The
neutral particle flux in the counter mjection 1s less than that in the co-injection same as the
modulation experiment. The main reason is that the guiding center of the particle ombit in
the counter injection is shifted to the high field side. Another candidate of the flux decrease
comes from the particle loss with large pitch angle. However the loss of the counter
injected particle does not strongly affect to the heating efficiency and the stored energy
because the contribution of the particle with large pitch angle is not so much.

4.Conclusion

The experiments for the comparison between the co- and counter neutral beam injection
are performed. The pitch angle distnbution of the neutral particle spectrum in the both
injecttons can be precisely obtained by the scanning of the analyzer in long discharge by
changing the magnetic field direction. In the counter injection the neutral particle flux is
not so much because the particle orbit passes through the low background neutral region. It
can be found that the particle with large pitch angle is lost in the counter injection from the
spectrum of the pitch angle distribution of the neutral particle.
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1. Introduction

Physics design of an advanced stellarator CHS-qa has been in progress in the National
Institute for Fusion Science (NIFS) as a candidate of a new generation of satellite experiment
[1]. The design work is executed by the joint team of the experimental group of CHS (helio-
tron/torsatron type device experiment) and the theory group in NIFS. Basic configuration was
decided to be a compact stellarator with the quasi-axisymmetric (QAS) magnetic field structure
[2]. The toroidal period number is two and the averaged aspect ratio is 3.2. The rotational
transform is between 0.35 and 0.39 for the vacuum configuration avoiding the low order
rational resonances. The basic engineering design is completed for the device parameters:
major radius R = 1.5 m and the magnetic field strength B;= 1.5 T.

The configuration optimization was made based on the fixed boundary solution of the
three dimensional equilibrium solver, VMEC code [3]. Because this code calculates equilib-
rium with assumed existence of good magnetic surfaces, it is uncertain whether the magnetic
surfaces are clearly formed without dangerous islands. Even the position of the last closed
magnetic surface (LCMS) is not given from the code calculation. It is necessary to examine
the magnetic surfaces with the field-line tracing for the vacuum field and the finite beta
equilibrium calculated without the assumption of magnetic surfaces. The first step for such a
study is designing of magnetic coils which can produce, in a good accuracy, the optimized
fixed bound-ary equilibrium solution. With NESCOIL code {4], 20 modular coils were
designed for full torus (four groups of five different shapes). For the vacuum field produced
by these coils, the plasma equilibria were calculated with HINT code [5] which does not
require the existence of magnetic surfaces.

2. Free boundary calculation without vertical field

The equilibrium calculation with HINT code is basically the free-boundary calculation
since no restricting condition for the boundary is applied. We would like to compare HINT
code results with free-boundary VMEC calculation. Figure 1 shows two equlibria for zero
beta (left) and 1.5 % average beta (right) calculated with HINT code for 2b32 quasi-axisym-
metric configuration of CHS-qa. It shows puncture plots of magnetic field-line tracing on the
obtained equilibrium field. Since no vertical field is applied, the total plasma position is
shifted outward for higher beta. In this calculation, the plasma current is assumed vanishing
in the average for each magnetic surface. The position of the LCMS is a part of code calcula-
tion results. Because a considerable part of boundary region is lost for 1.5 % beta equilib-



Fig. | Equilibria with HINT code Fig. 2 Vacuum field-line tracing with
MAGN code

rium, we would like to examine whether it 1s
due to magnetic surface destruction for higher
beta equilibrium.

In order to understand how the position
of LCMS is determined in QAS configuration,
vacuum magnetic surfaces are calculated for
different surface position with the control of
vertical field. It is known for the conventional
stellarators (e.g., CHS and LHD), that there are
two fixed points in the boundary region (in-
board side and outboard side of LCMS) so that
the magnetic surfaces can be formed only in the
region between them. Figure 2 shows two
vacuum field-line tracing results for 2b32 config-  Fig. 3 Free-boundary VMEC calcu-
uration: no vertical field (Ieft) and 0.015 T verti- lation
cal field for 1 T toroidal field (right). It is found
that the right edge of LCMS for two cases lie on the same position. This position is similar to
the outboard fixed point for conventional stellarators described above. The vertical shift 0.015
T for the right plot is selected to make its boundary shape similar to the right plot in Fig. 1.
Although the relative magnetic axis positions are slightly different for these two, the boundary
shapes are very close. The loss of outer magnetic surfaces for 1.5 % equilibrium in Fig. 11s
simply due to the position shift effect which is observed in the vacuum configuration as well.

It is necessary to give the plasma volume for the free-boundary VMEC calculation.
Figure 3 shows two results of VMEC run with the same volume as the original fixed boundary

2. The resulting shapes of boundary are very close to the HINT results in Fig. 1. The iota



Fig. 4. Puncture plots of magnetic surfaces for vacuum (left) and 3.3%
average beta (vight) equilibria of CHS-ga calculated by HINT code.

profiles obtained from HINT and VMEC are also very similar. For this level of beta, we
confirmed the equilibria given by two codes are in a good agreement. However we found that
the iota value in VMEC calculation for 2.4% beta is significantly lower than HINT result. A
further study is necessary for the comparison of HINT and VMEC equilibrium calculation
with free boundary condition.

3. High beta equilibrium calculated by HINT code

Because the loss of outer magnetic surfaces in Fig. 1 is caused by the outward shift of
the surface position, an automatic control of vertical field is introduced in the HINT code cal-
culation to push the position back recovering the lost magnetic surfaces. Figure 4 shows the
equilibrium calculation with HINT code for vacuum and 3.3 % average beta. The left parts of
two cases are for the horizontally elongated cross section with 90 degree rotation. The pres-
sure profile is very sensitive to the robustness of the magnetic surfaces in the boundary region.
In this calculation, the profile p(y) o (1-*) is assumed. This profile is one of typical profiles
observed in the existing helical experiments. More peaked pressure profiles give larger pertur-
bation of the magnetic field for high beta equilibrium causing loss of boundary magnetic
surfaces.

Plasma current was assumed zero in average on each magnetic surface. It is expected
that comparable order of bootstrap current as tokamaks will be created in high beta plasma in
QAS stellarators. The estimated value reached to 100 kA for high beta discharges in CHS-ga.
HINT code calculations including the plasma current with self-consistent profile to the pres-
sure profile has not yet been made.

4. Divertor field-line tracing for vacuum configuration

The divertor magnetic field structure design is one of most important key issues of
magnetic confinement research for fusion. Since the optimization of QAS stellarator is mostly
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done for the magnetic surface quantities, this important problem is left over in the QAS con-
figuration discussion. Although lots of people recognize this issue important, it is not yet
included into the list of figure of merits in the optimization loop.

Several modular coil design can be made for the same optimized configuration depend-
ing on the design conditions of the coils. We found that two sets of modular coil design give
very different divertor trace structures. Since they are both designed to satisfy the given mag-
netic surface quantities for QAS configuration, the magnetic surfaces inside LCMS are very
similar for both cases. However one set of modular coils gives clearer island divertor struc-
tyre shown in Fig. 5 while another does not. It suggests that if the quality of the divertor field
structure could be evaluated as a figure of merit, much better coil design would be possible
satisfying both good magnetic surface quantities and good divertor structure.
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1. Intreduction

The mnternal transport barrier has been found in the ECRH plasma in the compact helical
system (CHS) and the steep gradient in the profile of the radial electric field is obtained in the
inner region [1]. A pulsating behavior of electrostatic potential is also found in CHS
heliotron/torsatron [2]. We have examined the one-dimensional transport equations which
describe the temporal evolutions of the density, the electron and ion temperatures, and the
radial electric field in a cylindrical heliotron configuration [3]. The anomalous transport model
for anomalous diffusivities to describe the plasma like L-mode has been used. The stationary
structure of the radial electric field with hysteresis characteristic (hard transition) was examined
in helical plasmas. The strong reduction of the anomalous transport can be obtained near the
transition point. However, in the parameter region examined in a previous study, the
anomalous transport is dominant compared with the neoclassical transport because the
reduction of the anomalous transport can not be obtained at the radial points which are not near
the transition point. Therefore, the reduction of the neoclassical transport due to the large
positive Er is not seen and there is not a clear suppression in the total transport.

To show the clear transport barrier in an analytic result, the dependence of the stationary
profile of plasma quantities on the input power profile is mainly studied. The hard transition
which is characterized by the rapid change spatially is examined. The clear transport barrier can
be obtained theoretically because of the large positive value of E;. When the different external
control parameter from the previous analysis is adapted, the neoclassical transport is found to
be dominant compared with the anomalous transport in the wide inner region since the gradient
of the radial electric field is enough strong to reduce the anomalous transport. Furthermore,
we study the dynamics of the radial electric field.

2. One-dimensional model transport equations
In this section, model equations used in this study are explained. The cylindrical coordinate

is used and r-axis is taken in the radial cylindrical plasma. The total particle flux I'"' is set as

‘=I*-D,an/ar in this article, where D, is the anomalous particle diffusivity and T'™ is the
radial neoclassical flux associated with helical-rippled trapped particle. The expression for the
neoclassical flux here is the connection formula and is applicable from the V 4 Tegime defined
by Dje<vy; to the I/vy; regime (D <1/vy;), where D ; 1s the particle diffusion coefficient and
Vu, is the collision frequency estimated by the thermal velocity for species j I4]. The total heat
flux Q! of the species | is expressed as szQj-‘a—nxaaTj/ or, where %, is the anomalous heat
diffusivity and Q}" is the energy flux by the neoclassical ripple transport, respectively. The
theoretical model for the anomalous heat conductivity will be explained later. The formula for
Qj" are also given in ref. {4]. The anomalous diffusion coefficient for E, is denoted by Dy, and
is given in ref. [5]. The temporal equation for the density is

on__1 9
%:_ﬁi?(rr 9+S,. (1)

The term S, represents the particle source. The equation for the electron temperature is given as
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where the T, denotes the electron collision time and the second term on the right-hand side

represents the heat exchange between electrons and ions. The term Py, represents the absorbed
power due to the ECRH heating and its profile is assumed to be proportional to



exp(— (r/(0.1a))" ) for simplicity. This profile has more central peaking than the previous
analysis [3]. The equation for the ion temperature is

30 _ld M, n
5t T)==¢ 7 Q45" (T=T). (3)
The term Py, represents the absorbed power of ions and its profile is also assumed to be

proportional to exp(~ (r/(0.12))* ). The temporal equation for the radial electric field in a
helical 1s expressed by [5]

aE[_ [+ na 1 a aEr
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where €, is the perpendicular dielectric coefficient calculated as € ;=€ (( A I+ L4297,
The factor (1+2q?) is introduced due to the toroidal effect.

3. Boundary conditions and model for anomalous transport coefficients

The density, temperature and electric field equations (1)-(4) are solved under the appropriate
boundary conditions. We fix the boundary condition at the center of the plasma (r=0) such that
n'=T_'=T;=E =0, where the prime denotes the radial derivative. For equation (4), the
boundary condition at the edge (r=a) is the ambipolar condition. This simplification is
employed because the electric field bifurcation in the core plasma is the main subject of this
study. The boundary conditions at the edge (r=a) for the density and the temperatures are those
in CHS device: —n/n'=0.05m, -T,/T,'=—T/T,=0.02m. The machine parameters are similar to
those of CHS device, such as R=1m, a=0.2m, the toroidal magnetic field B=1T, toroidal mode
number m=38 and the poloidal mode number (=2. We set the safety factor and the helical ripple
coefficient as q=3.3-3.8(r/a) 24 1.501/a)* and £,=0.231(1/a) 2+0.00231(r/a)*, respectively [1].
The particle source S, is set to be S, =Sgexp((1—a)/L ), where L is set to be 0.01m and the
value of S, controls the average density by the particle confinement time. This profile
corresponds to the peaking at the plasma edge of the particle source due to the ionization effect.
The values for the anomalous diffusivity of the particle and the anomalous coefficient for E, are

chosen D,=1m?s~! and Dy =1m?s"!. These values are set to be constant spatially and
temporally. In this study, we adopt the model for the anomalous heat conductivity based on
the theory of the self-sustained turbulence due to the interchange mode, driven by the current
difffusivity [6]. This model is chosen because the experiment in CHS device is done in the
configuration of the magnetic hill. The anomalous transport coefficient for the temperatures is

given as %, =%.,/( 1+Gw{,). where ¥, and G are the functions of the magnetic shear, the safety
factor, the pressure gradient and so on. The details of the forms X, and G are shown in ref.
[6]. The parameter Wg, represents the effect of the suppression due to the electric field gradient.
In order to set the averaged temperature of electrons T, to be around T _=610eV and the density
to be around fi=2x10m™>, the absorbed power of electrons is 100kW and the coefficient of
the source term S, is 1.5x107'm 3s™! for the choice of above values of anomalous transport
coefficients. The averaged ion temperature is chosen to be about 'E=43OCV, where the
absorbed power of ions is fixed at S0OkW,

4. Stationary solution with multiple ambipolar electric fields

Using these parameters and boundary conditions given, we analysis the equations (1)-(4).
The stationary solutions of the radial electric field are shown in figure 1(a). The profiles of the
density and the temperature are shown in figures 1(b) and (c), respectively. In figure 1(c), the
dotted line represents Tj and the solid line shows Te. In figure 1(a). the transition of the radial

electric field is found at the point p=p ({1 49), where p represents the normalized minor radius

r/a. The circles in figure 1(a) show the values of the electric field which satisfy the local
ambipolar condition for the calculated profiles of the density and the temperatures of figure



1(b) and (c). Multiple solutions are found to exist for the local ambipolar condition in the
parameter region examined here. In the case of figure 1(a), the electron root (p<p) for E, is
sharply connected to the ion root (p>p;) with a thin layer between them. The transition point
should be determined by the Maxwell construction [7]. We coafirm that the Maxwell
construction is satisfied. The derivative of the radial electric field is observed in figure 1(d).
The peak at the transition point p=p is found in figure 1(d). Furthermore, due to the central
heating, the gradient of the radial electric field is obtained to some extent in the region p<p-.
The transport barrier can be shown in both Te and Tj profiles in figure 1{c). The value of the
anomalous diffusivity shown in figure 2(a) is that of ¥,. At the transition point p=p, the
suppression is obtained due to the strong gradient of the electric field. The neoclassical
diffusivities of electrons % ¥E” and ions % 'E® are also shown with the solid line and the dashed
line, respectively. Because of the large positive value of Er, the reduction of the neoclassical
transport is obtained in the region p<p.. In the wide inner region p<p,, the anomalous
transport is moderately reduced due to the Er gradient. In figure 2(a), the anomalous transport

is suppressed up to about one third in the region p<p-- compared with the case of no Er
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gradient. In the region p>p, the neoclassical transport is found to be dominant compared with
the anomalous transport in the parameter region examined here. In figure 2(b), the sum of the
anomalous and neoclassical diffusivities in the case of electrons and ions is obtained with the
solid line and the dashed line, respectively. In the electron channel, the total heat conductivity
in the region p<p- is about one half of that in the p>p- region. In the ion channel, the total heat

conductivity in the region p<py is around one third of that in the region p>p.. Therefore, the
clear transport barrier is obtained in both profiles of ion and electron temperatures.

5. Dynamics of radial electric field
In this section, the dynamics of the electric field is examined in the analysis shown in the
previous section. In figure 3, the profiles of the electric field are shown at three times. The
profile of Er (solid line) at t=0.2s corresponds to the stationary one, which is identical to that in
figure 1(a). Before the state reaches the stationary one, the dotted line and the dashed line show
the profiles of Er at 0.005s and 0.02s, respectively. When the state approaches to the
stationary one, the transition point Py goes inside and the gradient of Er gets steeper in the case
of the initial condition chosen here. The time during which the state reaches the stationary one
is about a few times as long as the typical energy confinement time Te~0.01s. In this study 1n
which a theoretical model due to the current diffusivity is used, the oscillating solution in time
is not obtained in the parameter region examined in this paper.
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Figure. 3 The temporal evolution of By profile is shown. The dotted line represents the E; profile at t=0.005s,
the dashed line represents the one at t=0.02s and the solid line shows the Er profile at t=02s, respectively.

6. Summary and discussion

In this paper, the structure of the radial electric field in helical plasmas is theoretically studied
int the case of the more central heating profile than the previous analysis. The parameter region
in which the neoclassical transport is dominant compared with the anomalous transport is
found by use of a theoretical model for the anomalous transport diffusivities. The clear
transport barrier is seen in the profiles of the temperatures. Therefore, it is shown that the
heating profile is important when the bifurcation characteristic exists even if the values of the
heating power are same. In this study, only a theoretical model for anomalous coefficients due
to the interchange mode is used. Analyses by use of other theoretical models (e.g.. Ion
temperature gradient mode) for anomalous coefficients are needed. The continuous study of the
dynamics of the electric field should be done to study the electric pulsation observed in CHS
device. These are future studies.
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Abstract

Inward shifts of the vacuum magnetic axis position R, in CHS have shown compatibility
between good particle orbit and MHD stability, and the configuration with R of 92 cm has
been adopted as the standard configuration. The internal transport barrier (ITB) on the electron
energy was realized in the standard configuration. Recently both of ion energy transport and
particle diffusion of impurity ion were found to be improved under the ITB formation. The
MHD stability has been studied in strongly inward shifted R,, configurations including the =1
configuration where R, is about 88cm, because the neoclassical transport is expected to be
more improved. It is found that NBT plasmas with <B> of about I % have not shown any
confinement degradation irrespective of expected ideal interchange instabilities because of the
stronger magnetic hill. Strongly inward shifted R , configurations have good prospect from
the viewpoint of MHD stability and confinement improvement.

1. Introduction

Helical magnetic traps must satisfy the following requirements: 1) clean and robust magnetic
surfaces with an extemal rotational transform, 2) good oc-particle orbit and good neoclassical
transport, 3) high equilibrium- and stability-3 values, 4) good energy confinement, 5) adequate
capability of heat and particle control. After confirming the vacuum magnetic surface of CHS
having the aspectratioof 5 (R / a, = 1m/0.2m), the prospect of CHS heliotron/torsatron
configuration was discussed on the above requirements [1] : 2) successful plasma discharge
without radiation collapse only with ICRF heating, 3) high B stability up to 2%, and 4) global
T, scaling. The most important point was that the inward shifted configurations with R, of
92cm showed the compatibility between good particle orbit and MHD stability [2, 3].

Since that time the confinement improvement has been the most important subject in CHS
experiments. Improved modes of tokamaks are usually accompanied with a negative radial
electric field E,, where there is a positive feedback relation between the negative E, and the jon
pressure gradient. In CHS, trials for confinement improvement following tokamaks have been
made. The H-mode was obtained by controlling the edge rotational transform (adjustedto be
nearly 1 just inside LCFS) through inducing the OH current in an NB heated plasma [4].

Here, the simultaneous increase in the line averaged electron density n, and the decrease in the
Ho signal were observed in spite of a constant gas puffing, which is usually seen in H-modes
of tokamaks. However, the jump in the poloidal rotation velocity was not observed in CHS



and the improvement factor is up to 15%. High ion temperature (T, ) mode in an NB plasma
was realized by making the electron density peaked [5]. Here, the density was fuelled
primartly with NB without gas puffing under intensive titanium gettering. The ion thermal
diffusivity x, in high T, mode is lowered by factor of two than that in the L-mode, reflecting the
steeper T, profile. Again, the improvement factor is not large, although the maximum T of 1
keV was attained in the high T, mode of CHS.

Another concern has been MHD stability in strongly inward shifted configurations (R, <
90cm) where the neoclassical transport is improved. Although the 6=1 configuration, where
R,, 1s 88cm, was studied from the viewpoint of the neoclassical transport in the
low-collisionality ECH plasma with low B [6], MHD stability study of finite-B plasma in the
6=1 configuration has not beendone. As R_, is shifted inward the magnetic hill gets stronger
that 1s because the outermost flux surface is almost fixed being determined by the helical coils
whereas R can be changed freely by controlling poloidal coil currents.

k]

2. Internal Transport Barrier in CHS
The confinement improvement is closely related to E_ and its shear. The E, in CHS is
determined by the ambipolar condition between electron and ion fluxes caused by
non-ambipolar diffusion, bulk viscosity, orbit loss, charge exchange loss and so on. In CHS
the non-ambipolar diffusion is the dominant process. The neoclassical internal transport barrier
(NITB) for the electron energy was realized, for the first time in helical machines, by applying
the 2nd harmonic heating of ECH with the frequency of 53.2 GHz and the threshold power of
about 200 kW when R, and B, were 92.1 crhand 0.88 T, respectively [7, 8]. It was induced
by the large positive E, shear that is due to the bifurcated electric potential inside the barrier. In
a conventional helical machine like CHS, where large rotation shear can not be expected
because of a large helical ripple, the E, shear should rely on the non-ambipolar radial diffusion
of ions and electrons. It has been shown that x_ gets close to the neoclassical value in the
barrierregion [9]. The bifurcation occurs more easily as the electron density decreases under
the heating power kept constant or as the power increases under the constant electron density.
The electron density n, of the ECH plasma with NITB is below about 3x10" cm”, and the
central electron temperature T, (0} is in the range of a few keV. To increase n, where NITB is
realized two methods were tried. Higher frequency of 106 GHz at the 2nd harmonic ECH
results in NITB with higher n_ of about 5x10" em”. The hysteresis phenomena have been
clarified between the central potential and n, when those parameters are plotted along the
temporal evolution of the discharge. Once NITB is established it can be kept at highern_. This
hysteresis could also be used as a promising scenario to obtain the high confinement at higher
electron density.
Since the discovery of NITB for the electron energy in ECH plasma the next concern has been
on the improvement in the ion thermal diffusivity and in the particle diffusion. The 53 GHz
2nd harmonic ECH with the power of 130kW is applied to low-n, NB plasmas with the central
density n_{0) of 3-4x 10”cm”, because the heating source for ions is needed within the barrier.
The plasma makes transition fo the electron root and T_{0) increases to about 2 keV, and it



lowers to a few 100 eV afierthe ECH pulse. The NITB is formed in the NB plasma with
ECH: the electron pressure increases by about factor of 4 in spite of the reduced n, because of
ECH. The ion temperature T, also increases by about 50 %, however the ion pressure
decreases due to the reduced electron density. The substantial part of the increase in T, is
atiributed io the increased T,. On the other hand, when the ECH power is injected to
slightly-higher-n, NB plasma with n_(0) of 4-5x10"%cm”, T, (0) increases by factor of 4-5 to
900eV, however there is almostno increase in T,. The transport analyses on the lower-n, case
show that the electron thermal diffusivity is much reduced and is almost on the same level of
the neoclassical value, and the ion thermal diffusivity is reduced inside of NITB.

The particle transport of titanium impurity ion is studied with soft X-ray CCD camera. The
photon counting mode provides us with the 2 dimensional spatial profiles of the peak energy of
Ti K line that is determined by T, and the diffusivity [10]. It has been found by using the
MIST code that the diffusivity is of the order of 0.02 m’/s inside of NITB being much smaller
than the value of 0.1- 0.2 m’/s without NITB.

3. MHD Stability in the Strongly Inward Shifted Configuration

Two NBs were switched from balanced-injection to co- (or ctr-) ijjection and IBW with 9MHz
has been operational to produce the target plasma irrespective of the magnetic field strength B..
Two co-injected NBs resulted in T, (0) of 7-800eV at n, of 4-5x 10”cm”, in the configuration
with R, 0f 92.1cm and B, of 1.76T, of which plasma parameters had not been obtained in the
balanced injection. By using two NBs the MHD study on strongly inward shifted
configurations has been done. The average value <B>of 1.2 - 1.3 % has been obtained
without an elaborate wall conditioning at B, 0f 0.75 T with R, of 89.9cm. The plasma passes
through the range of <B> where the interchange mode is well unstable from the Mercier
criterion. However, MHD instabilities that degrade the confinement have not been observed.
In the previous experiment MHD instabilities which reduced the stored energy were excited for
R_ of 89.9cm at <B> of 0.8 % after a sudden increase in the stored energy and in soft X-ray
signals without changing externally controllable parameters. The reason why the previous
result is not reproducible has not been known. Evenif R, is shified more inward to 88.8cm,
thatis the 6=1 configuration in CHS, the confinement of the plasma with <> up t0 0.8 % s
not degraded, where the magnetic hill gets stronger. The same thing holds for the plasma with
<B> up to 0.6 % with the further inward shift of R, to 87.8cm. The decrease in the achieved
<B> is primarily due to the decrease in the plasma volume as R,, 1s shifted inward. Mode
analyses for the plasma with R of 89.9cm show that coherent m=2 modes rotating in the ion
diamagnetic direction appear at <B> of about 1% where the position of iota of 0.5 is located
near D, of about 0.2. Burst-type oscillations are observed at lower <> as before. Because of
the technical limitation that the IBW antenna can not reach the outermost magnetic surface of
the strongly inward shifted configurations (R,, of 88.8cm or more inward) for the initial
breakdown, the plasma produced at R, of 89.9cm with low B, that is not available for 53GHz
ECH was shifted dynamically inward to R, of 88.2cm by controlling the poloidal field coil
currents in 100 msec. During this phase the poloidal flux and the quadrupole component were



kept constant not to induce OH currentand not to introduce an additional effect of plasma shape
of elongation on confinement. It is shown that T, and n, are increased by the dynamic shift in
spite of the reduced plasma volume. The reason of the increase has not been known yet,
however it can be said at least that there is no confinement degradation.

4. Summary and Discussion

The NITB in the standard configuration with R, of 92.1cm has shown the improvement not
only in electron energy but also in ion energy and in particle diffusion for the low n, NBI
plasma. Although the potential bifurcation phenomena including NITB have been studied in
the standard configuration with HIBP, the NITB should be realized also for strongly inward
shified configurations because it is caused by the nonambipolar fluxes originating in CHS
magnetic field structures. The NITB should be more prominent in strongly inward shified
configurations where the neoclassical transport is more suppressed [11]. The NITB mode is a
promising candidate for improved confinement that is expected in helical systems having no
symmetry in their magnetic field strength. The hysteresis inherent in bifurcation can be used to
obtain improved plasmas with higher n,. Compatibility between good particle trajectory and
MHD stability holds for strongly inward shifted configurations, including the =1
configuration, of CHS with the low aspect ratio. From the physics point of view the strongly
inward shifted configuration has a good prospect in the CHS future experiment.
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1. INTRODUCTION .

In recent years, gyrokinetic and gyrofluid {or gyro-Landau-fluid) simulations [1]
of plasma turbulence driven by microinstabilities such as the ion temperature gra-
dient (ITG) made [2] have been actively done in order to predict the anomalous
transport coefficients in magnetically confined plasmas from the first principle. In
the gyrofluid model, some closure relations are assumed to construct a truncated sys-
tem of fluid equations from the gyrokinetic equation and their validity in nonlinear
or turbulent regimes is not clear because conventional gyrofiuid closure models such
as the Hammett-Perkins (H-P) model [3] are originally derived so as to accurately
reproduce gyrokinetic dispersion relations for linear modes. In fact, there exist some
cases, in which the gyrokinetic and gyrofluid simulations show disagreements in their
nonlinear results such as the saturated fluctuation levels and the turbulent transport
coefficients.

In our previous work [4], we have presented the nondissipative closure model
(NCM), which takes into account the time reversal symmetry of the collisionless
kinetic equation. The NCM relates the parallel heat flux to the temperature and
the parallel flow in terms of the real-valued coeflicients in the unstable wave number
space. The NCM was derived such that the closure relation is valid both for the
unstable normal-mode solution and its complex-conjugate solution as well as for any
linear combination of these solutions. A fluid system of equations with the NCM
used repraduce the exact nonlinear kinetic solution of the three-mode ITG problem
[5] while the H-P model fails in representing that solution. Then, the next question is
whether the NCM can successfully describe strongly turbulent states of collisionless
kinetic systems with a higher number of degrees of freedom. In the present work, in
order to answer this question, we do both fluid and kinetic simulations of the two-
dimensional slab ITG turbulence and investigate how accurately the fluid simulation
using the NCM or the H-P model can reproduce results of the collisionless kinetic
simulation under the same conditions.

2. BASIC EQUATIONS |
The collisionless electrostatic gyrokinetic equation for ions in the uniform mag-
netic field B is written in the wave number (k) space as
. c ! "’
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where Fy — ng{m,/27T,)}'7? exp(wm,uﬁ/ 2T,) is a background Maxwellian part of
the ion distribution function, fi = fi(vy,?) is a perturbation part integrated over
the v -space with the Maxwellian v, -dependence x exp(—m,v> /27,) assumed, and
Uy = oy exp(—by/2) [bx = k3T /{m.Q?)]. Here, inhomogeneities in the background
density ny and temperature 7j are taken into account only through w., = (¢T,/eB)k-
b x Vinng and 5, = dInT,/dInn, while ny and 7, in other places as well as w.; and
1, are regarded as constants.
Taking the velocity moments of Eq. (1), we obtain fluid equations,
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B
ngG Ty +ik) (2nyTiuy + (Ik)—‘iw*,’f],ﬂ(}t?g’k—@ b-(k' x k") ¥y Tk =0, (4
I
k'+k~=k

where ny (t) E o dvﬂfk(vﬂ, t), 'nguk(f.) = [ dt’llfk(t'|;,f)t?1|, ‘nng(i) = 7, duy
ka(v”,t}(mlvﬁ —T,), and qi(t) = [, dt!”fk(v”,t)(m,vﬁ — 3T ).

Assuming the adiabatic electron response and using the quasineutrality condition
give

exp(—bi/2)mi —m S [1 ~ Tofbid] = 2 (for ky £ 0), (5)

where Ty is defined by I'y (I ) = Jo(by) exp(—by ) with the 0-th-order modified Bessel
function Jy. For the fluctuations with k| = 0, the electron density perturbation is of-
ten assumed to vanish and then the quasineutrality condition gives exp(—by/2)ny —
ng (e /Ti)[1 — To(by )] = 0. When using this condition for % = 0 with Egs. (1) and
(5) for the two-dimensional slab ITG turbulence simulation, we have found that a
large zonal flow component, ¢y with kj = 0, is nonlinearly generated, suppresses
linearly-unstable modes with kj # 0, and results in no turbulent transport [6]. Thus,
efficiency of zonal flow generation and resultant transport coefficients are strongly
influenced by what condition is used for the k| = 0 modes. In more practical cases
of toroidal configurations, the zonal flow would be significantly reduced by the colli-
sionless transit time magnetic pumping and by the collisional damping |7] although
neither of these effects is included in Eq. (1). Here, in order to avoid the complexity
brought about by the zonal flow and get finite turbulent transport, we put

fu=dx=0  (for by =0}, (6)

and
g = g = Tk == ¢'k =0 (fOI‘ k” = U), (7)
in our kinetic and fluid simulations, respectively.
Now, a closed nonlinear kinetic system of equations are given by Egs. (1) and
(5) for k; # 0 and by Eq. (6) for k£ = 0, which are used for kinetic simulation of

the slab ITG turbulence in the present work. In order to obtain a corresponding
closed fluid system. we need to express the parallel heat flow ¢y in Eq. (4) in terms



of the lower-order moment fluid variables ny, vy, and 7%. In the H-P model {3], gy
is written in the diffusive form as

g = —noxy kT, (8)

where the parallel heat diffusivity is given by x = 2(2/#7)"%v,/|ky| with the ion
thermal velocity v, = (T3/m,)/%. Then, Egs. (2)—(5) for k # 0, Bq. (7) for &y = 0,
and Eq. (8) give a closed fluid system of equations in the H-P model. In the NCM,
the parallel heat flow ¢ in the unstable wave number region is given as

qx = Crangvily + ConoTiuy (for linearly unstable modes), (9)

while the dissipative closure relation as written in Eq. (8) should still be used in the
stable wave number region. The real-valued coefficients Cry and C,x are determined
by requiring that the closure relation in Eq. (9) should exactly reproduce the kinetic
dispersion relation [4].

3. SIMULATION RESULTS

Here, we consider a rectangular domain of L, x L, in the z-y plane with a uniform
external magnetic field B = B(z + 6y} (|9] < 1), where ¥ and z denote the umit
vectors in the y- and z-directions, respectively. The system is assumed to be homoge-
neous in the z-direction (8/8z = 0). We employ the periodic boundary conditions in
both z and y directions. Then, we can write k = k. 24k, y = 2=[{m/L.)yx+(n/L,)y],
fix = fan, and @x = ¢y (myn = 0,41,£2,---) and the parallel wave number is
given by ky = k,6. The background density and temperature gradients are as-
sumed to exist in the r-direction, and their gradient scale lengths are given by
L, = —(dlnny/dx)} (> 0) and Lt = —~(dInT;/dz)~*(> 0}, respectively.

Equations (1} and (5) for & # 0 and (6} for & = 0 are used as governing
equations for the kinetic (or Vlasov) simulation, in which the fine-scale phase space
structures such as the hallistic mode are resolved by employing 8,193 grid points for
discretization of the velocity space, —5 < v /v, < 5 and using the nondissipative
time-integration scheme {8]. For comparison to the kinetic simulation, two types
of fluid simulations using different closure models are done. Both fluid simulations
are based on Eqs. (2)-(5) for k) # 0 and Eq. (7) for k; = 0. However, one of
them employs the NCM given by Eq. (9) for linearly unstable modes and the H-P
dissipative closure given by Eq. (8) for linearly stable modes while the other uses the
H-P closure for all modes. Here, for all simulations, we use the conditions T, /T; = 1,
= L,/Ly =10, L, = L, = 20mp; (p: = v,/$2: : the ion thermal gyroradius), and
O0=6L./p.=2.

Figure 1 shows the normalized perpendicular heat diffusivity x/{(piv./L,) as a
function of normalized time v,¢/L, obtained by the kinetic and fluid (NCM, H-P)
sirnulations, where x = q. -%/{nT1./Lr) and q; = 379 Tk Re[Ty;i{c/B)b x k¥ ]. In
the saturated state of turbulence, x obtained by the kinetic shmulation is in a good
agreement with x from the fluid simulation using the NCM although x ohtained by
the fluid simulation using the H-P closure for all modes are significantly larger than
them.

Figure 2 shows the ion distribution function fy divided by ¢y for k, =G and k, =
0.4p7" (which corresponds to the linearly most unstable mode). While Re[fy /¢1] at
nonlinear or turbulent stages (vit/L, = 210,400} are similar to that of the linear



eigenfunction seen at an early stage {v;#/L, = 50) except for superposition of fine
structures due to the ballistic mode, Im[fi /¢x] in the turbulent state has a different
profile from that in the linear stage and oscillates around zero. Thus, the phases
of fi and (nk,ux, Tk, gk, - - -) relative to ¢y may take either a positive or negative
sign. This is similar to the case of the three-mode ITG problem [4] and the NCM is
applicable to this situation more properly than the H-P model.

4. CONCLUSIONS

We have made a detailed comparison between kinetic and fluid simulations of
the collisionless slab I'TG turbulence. The validity of these closure models for quan-
titative prediction of the turbulent thermal transport is exarmnined by comparing
nonlinear results of the fluid simulations with those of the collisionless kinetic sim-
ulation of high accuracy. It is found from the kinetic simulation that the phase
relation between the potential and the distribution function for the most unstable
mode is different from that predicted by the linear unstable eigenfunction and is
better described by the NCM than by the H-P model. This fact explains a reason
for our simulation results that, in the steady turbulence state, the turbulent thermal
diffusivity x obtained by the H-P model is significantly larger than x given by the
NCM and that the latter is closer to x found in the kinetic simulation.
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A difference in the confinement performance of high energy ions between the standard and the

inward-shifted magnetic axis configurations on the Large Helical Device was experimentally

observed in the ion cyclotron range of frequency (ICRF) heated plasma. It caused a difference

i the transfer efficiency from high energy ions to a bulk plasma, which was compared with the
Monte Carlo simulation result. The ratio of the stored energy of the high epergy ions to that of
the bulk plasma was measured employing an ICRF heating power modulation method.

1. Introduction

The ion cyclotron range of frequency (ICRF) heating has been successfully carried out
on the Large Helical Device (LHD, the largest superconducting helical device, with Rfa=
3.6~3.9m/0.6m, B=3T) [1-3]. A long pulse discharge of 2 minutes was achieved by ICRF
heating only. The energy confinement time was found to be 1.5 times longer than International
Stellarator Scaling 95 (ISS93) at the inward-shifted magnetic axis, i.e., R, =3.6m. This was
derived from the fact that the displacement of deeply trapped particles in the helical ripple from
the magnetic closed surface was reduced at R, =3.6m. The phenomenon is thought to be similar
to that of the high encrgy ions accelerated by an RF electric field; the confinement of high
energy ions is better and the energy transfer efficiency is expected to be higher than that at the
standard configuration, i.e., R_=3.75m. The difference between the magnetic configurations
was examined measuring the energy distribution of high energy ions.



The technique of RF power modulation was used to evaluate energy confinement time
and heating efiiciency [4]. This method was employed to deduce the ratio of the stored energ
of high energy ions to the bulk plasma. It was determined from two phase differences; one was
between the total plasma stored energy and the bulk plasma stored energy, and the other was a
phase difference between the modulated RF power and the total plasma stored energy.

In this paper the confinement of high energy ions is discussed using experimental data
obtained in a series of plasma discharges at the standard (R_=3.75m) and the inward-shifted
(R,,=3.6m) magnetic configurations. Then it is compared with the result obtained in the Monte
Carlo simulation [5]. Then the measured ratio of the stored energy was reported for the plasma
discharge with an ICRF power modulation method.

2. Experimental results
Tail temperature and transfer efficiency

A plasma consisting of He ions as the majority and H ions as the minority was employed
in the series of experiments. The relation between tail temperature T, and effective temperature
T is plotted in Fig. 1. T_; was measured using a fast-neutral analyzer (Si-FNA) with an
electrically cooled Silicon-diode detector [6] and the charge exchange process with “He [7].
The Si-FNA measured ions with the perpendicular energy to the magnetic field line. T+ was
calculated using plasma parameters (ny, n, and T, are the minority ion density, the electron
density and the temperature) and the ICRF heating power P » In the following equation [8];

n, In)PT"* 7, 1 I 1
T A e T2

= T = +
i Z ; I8N
g 2T g g gy g

Here 7, and Vy, are the heating efficiency and the minority heating volume [9]. A wide range of

Tes, 10 be precise from 10keV to 200keV was found at R_=3.75m; however the range of T at
R,=3.6m was from 10 to 60keV,which was caused by an insufficient reduction of the minority
lon density. A saturation of T was found at R,.=3.75m; this reflects a shorter energy loss
time. When the energy loss time T, was taken into account and the tail energy time T,” was

determined, T, was calculated using the above equation.
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The transfer efficiency 1), . was defined as what fraction of the energy flows from high

energy ions to the bulk plasma;

‘1’,' - err — 'T;a[l = 1
trus D ™ 12D T20 [ V! Pz_z
£z a."s ‘eﬁ‘ E 1T % L ﬂb_w‘e \'FH ‘. Ibe} s e

Tt was also expressed as the ratio of T_; to T ;. In the Monte Carlo simulation 1], was scaled as
in the above equation. Here the numerical factor C depends on the magnetic axis position and
the magnetic strength. It was determined using experimental data for two cases as shown in
Fig.2, where the abscissa is P,,.T.(ny/n)'n.?. C, was determined to be 0.032 at R_=3.75m
and 0.005 at R_=3.6m, respectively. C,,. in the Monte Carlo simulation was also 0.043 at
R,=3.75m and 0.004 at R_=3.60m [5].

High energy tail fraction

An analysis of the plasma discharge with the RF power modulation predicts a ratio of the
stored energy of high energy ions to that of the bulk plasma using two phase differences. One
was between the bulk plasma W, and the total plasma stored energy W, including the store
energy of high energy ions, and the other was between the modulated RF power P, and W._.

The relations between 8W, and 8W,, and between 8P, and dW,, are expressed in the following

complex equation [4],
W, _ +§—4&+iémm}/2
o, 2,
1+ é(az'am:,‘t,/2 +ﬁ)
aw, 2 s
5P = nmmree(} /21?0 A*R)b
4 —BR, +(iwn, T o/ 2+ DiwT /2 + )]
2ia-p a2
2 7 2

w and B are the applied modulation frequency and a numerical factor derived from the
dependence of the energy confinement time on the temperature; B =-1.44 at ISS95. n, is the
heating efficiency and 1" is its derivative of temperature [4]. The phase difference between dW,
and the bulk plasma was 6, and the phase difference between 0P, and W, was 8,,; dW, was

used as the diamagnetic loop and W, was used as ECE signal because of no observed
modulated electron density. The time evolutions of P,, W, and W, in the case of the low

electron density plasma with n=2~3x10'*m” are shown in Fig.3(a). The averaged RF power
was P,=270kW and the modulation rate was 30%. 8, and 6 , were 20 degrees and -56

degrees at t=1.0s and n,=2.2x10""m"’, and at +=2.0s and the higher electron density, i.e.,



n€:3x1018m-3, pr and BpA were 11 a_'E“' 0.6 1 .
degrees and -36 degrees as shown :2 ol W ‘ . R,c3.75m

in Fig.3(b). The measured ratio of %. 5 y 15135
W, to W, was deduced to be R, g g 02 TE l 4 g £
=0.4~0.2 using measured phasesin £, ol | Teeow .

the above equation. This value was > T . 0.5
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assessed in another way by using
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R, =3.75m [l10]. The ratio of Fig.3(a) Time evolutions of P,W, and T ;c:

at R =3.75m.
1,/2/,,/2 was calculated to be (b) Time evolutions of measured phase

difference 0,, and 0, and R,,.
0.4~0.2.

3. Summary

The ICRF heating experiments on the LHD was carried out successfully. The confinement
characteristics of high energy ions accelerated by ICRF electric field were examined measuring
the energy distribution with the Si-diode detector. As predicted in the orbit calculation, the
better confinement of the high energy ions at the inward-shified configuration compared with
that at the standard configuration was proved. These expenimental data agree with the transfer
efficiency obtained in the Monte Carlo simulation.

The ratio of the stored energy of the high energy component W, to that of the bulk plasma W,
was measured m the ICRF power modulated plasma. The ratio agreed with that deduced from

the ratio of the electron slowing down time to the energy confinement time.
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1. Introduction

A tomographic algorithm taking magnetic flux surfaces into account is used to
reconstruct an emission image. Improvement of the quality of reconstructed images has
been obtained using a feedback technique to compensate numerical errors. This
tomography technique has been applied in soft x-ray measurements on HL-IM
Tokamak and Heliotron J, and used for plasma radiation imaging on the Large Helical
Device (LHD)" by using AXUVD (bolometer like semi conductive detectors) arrays @
2. Method used for soft X-ray and bolometric inversion

2.1 Dividing and expansion under the basis of vacuum flux surfaces

The basic principle of tomography is to reconstruct the emitted radiation from a

plasma cross-section along a large number of collimated chord measurements. The
reconstruction algorithm employed here is so-called hybrid methods ¥, We divide the
emitting region into annular areas under the basis of real magnetic flux contours. These
annular areas can be considered as pixels, as shown in Fig.l. Line integrals

f(p,,@,) can accurately be represented by a summation of the contribution, g, , from

each pixel along the line of sight

f(p.9)= fe@O)dL ~Ya g (I
L, k

where p is the distance from the origin to
the tangential point of hine of sight to the
corresponding surface, the chord angle ¢
is the polar co-ordinate of the point of

tangency. Equation (1) is equivalent to
have chosen a series of piecewise linear
functions to represent the detected signals.
These functions vanish at plasma boundary,

ie., they satisty the basic requirement of

orthonormality in the same way as Bessel

functions. The local emissivity in a pixel, Fig 1. Coordinate  system  for

g, can be solved by using a ‘peeling away’  reconstruction of a 2-D image. The
) ] ) emitting region can be divided into
technique given in Ref ™, . . .
T o annular pixels with real magnetic

To model the variation of emissivity

within a pixel in the angular direction, we expand the emissivity on each pixel in Fourier



sentes. Then the local emissivity within a pixel is:

8:=&iw*+), &i,sinmO +gi cosm8 (2)
m

The number of observation directions limits the number of Founer modes. Higher
modes as far as sin2 © mode are neglected if two existing arrays are used.
2.2 Feedback technique
To reduce the error and prevent the error from propagating into the inner pixel, we
use a feedback technique to compensate for the error at each pixel. Since the Radon
transform for emission (Eq.(1))is linear, if the inversion procedure is represented by the
operator R, such that g=R (), the pseudo signals recalculated from the reconstructed

emissivity function g is given by f =R"'(g'), then:

g —g=R(H-RN=RS -1 (3
This leads to a more accurate solution:
g=g ~R( -1 (4)

In other words, the difference between the measured and reconstructed line-integrated
signals is fed back as an input data for the inversion process. If the reconstruction itself
1s stable, the feed back process makes the difference between experimental and
reconstructed chord integrated data negligible.
3. Numerical Test

The technique of the reconstruction is examined numerically using a perturbed
structure. The source function has a circular hot spot over flat region in the center .

Fig.2 (a) Contour plot of the test source function and (b) surface piot of the
Fig 2 shows the contour plot of the test source function and the hidden-line perspective

plot of the reconstructed image for the case of small size hot spot (7. =10% of ).

(¥ elers

4. Application to AXUVD measurement on LHD



Fig.3 shows two AXUVD arrays . S
(20 channels each) installed on a semi- L L., (Coeme

tangential cross-section in LHD. Part of ' i

the amittine volume wea

;;;;;;;;;; Y riuiida Vs
£~

only seen R
from the right side (4-O array). The
plasma shape strongly depends on the
magnetic axis position, R,. For smaller
R, the part not seen from above was
bigger, which made the tomography
procedure more difficult. In addition,
high spatial resolution requirement near
the  boundary, strong  poloidal

asymmetries in radiation - distribution

and the far deviation from circular Fig.3. Lines of sight of the bolometric

. . . tomography on LHD.
shape in the edge region make a serious Sraphy
challenge for the inversion technology.
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Fig. 4. 2-D bolometric emissivity profile reconstruction in Shot 51721 t=2 s.
The bright region at the bottom is due to 3.5L gas puffing .

The tomography algorithm described above provided reasonable two-dimensional
profiles of plasma emission and a good agreement between experimental and simulated
chord integrated emission for different conditions. Fig.4 shows a hollow profile with
additional peripheral emission caused by the gas puffing from the bottom nozzle. Small
differences between reconstructed and measured chord integrated profiles (40 array)
were caused by reconstruction artifacts. Fig.5 shows the emissivity for the same
discharge at the moment when the gas puffing was off.
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Fig 5. 2-D emissivity bolometric profile reconstruction, shot 31721, t=3.5 s.
The gas puffing was off.

5. Discussion

The main advantage of the method employed is that the boundary condition is
naturally met by solving the equation in the outermost pixel. Taking the complicated
real plasma shape into account makes the algorithm start from a grid that is closer to the
true plasma radiation contours. If is suitable to be applied in measurements of soft x ray
and total radiation on the LHD and Heliotron J with widely arbitrary cross sections.
Furthermore, we modified this tomographic algorithm with a feedback procedure. As a
result, the 2-D technique was powerful enough to provide reasonable images in the most
of the cases. However, since the number of detector arrays is limited, only a finmite
number of Fourier components can be used in the expansion. In some cases (strong
asymmetry or contours of constant radiation emissivity deviate far from magnetic flux
surfaces) the reconstruction was not so reasonable, 1e. the difference between
experimental and reconstructed chord integrated data drastically diverges in the central
part of the image.
6.Conclusions

Numerical test and the results of the 2-D tomography technique applied to the
experimental data showed that the algonthm is powerful enough to reconstruct
complicated asymmetric emissivity distribution.
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