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Abstract

Recent experimental results in the Large Helical
Device have indicated that a large pressure gradient
can be formed beyond the stability criterion for the
Mercier (high-n) mode. While stability against an
interchange mode is violated in the inward shifted
configuration due to enhancement of magnetic hill, in
contrast neoclassical transport and confinement of
high energetic particle are improved by this inward
shift. Mitigation of the unfavorable effects of MHD
instability has led to a significant extension of the
operational regime. Achievements of the stored
energy of 1 MJ and the volume averaged beta of 3 %
arc represcnlative results from this finding. A

confinement  enhancement factor above the
international  stellarator scaling 18895 is  also
maintained around 1.5 towards <fi> of 3%,

Configuration studies on confinement and MHD
characteristics emphasize superiority of the inward
shifted geometry to other geometries. The emergence
of coherent modes looks consistent with the linear

ideal MHD theory, however, the inward shifted
configuration has reduced healt transport in spite of a
larger amplitude of magnetic fluctuation than the
outward shifted configuration. While neoclassical
helical ripple transport becomes visible for the

‘outward shifted configuration in the collisionless

regime, the inward shifted configuration does not
show degradation of confinement deep in the
collisionless  regime  (v¥<0.1).  Distinguished
characteristics observed in the inward shifted
configuration help to create a new perspective of
MHD stability and related 1transport in net
current-free plasmas. The first result of the pellet
launching at different locations is also reported as a
Lopic.

1. Introduction

The Large Helical Device (LHD) project [1]-
is aimed at clarification of physical mechanisms in
net current-free plasmas close to reactor conditions
and demonstration of the technology required for
steady-state operation [2] by the heliotron concept [3].
The large dimensions of a nominal major radius R

. and a minor radius a of 3.9 m and 0.6 m, respectively,

and the strong magnetic field (=3 T) have extended
thc  operational envelopes in  non-dimensional
physical parameters as well as in absolute values
from the medium-sized helical experiments. Physics
achievements have been steadily obtained along with
the progress in heating power and reliable operation
of the superconducting magnets [4-7]. The most
important achievement to date is the outstanding
management of confinement with MHD stability. The
magnetic configuration with the inward shifted
magnetic axis had been considered to lie in an
unfavorable regime for interchange instabilities due
to a prominent magnetic hill [8] while the helical
ripple structure is very favorable for fast ion
confinement as well as mitigation of neoclassical
transport [9]. Figure 1 schematizes the effect of
magnetic axis position on MHD stability and
transport. A Mercier-unstable region occupies a major
region al the magnelic axis position R, of 3.6 m.
While this analysis has been based on a model
pressure profile, a local pressure gradient was
supposed Lo be determined by a combination of MHD
instability and relaled transport. Neoclassical
transport is greatly mitigated by combination of
multi-helicity [10] and the theoretical model of
ballooning/interchange mode turbulence also predicts
a geometrical effect on anomalous transport [11,12].
A compromise between the MHD stability and
transport, and suppression of unfavorable helical
ripple transport in a collisionless regime have been
the most important concerns in the recent
experimental campaign in LHD. The experimental
observation has indicated that the plasma in the
inward shifted configuration represents neither any
global destruction nor any significant degradation of
confinement even in (he Mercier unstable region
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although the resonant fluctualions emerge as
expected from the ideal MHD theory [13]. The
energy confinement in this inward shifled
configuration has been proved to be 50 % larger than
the international stellrator scaling 95 (IS595) [14,15].
Consequently, two  major  achievements  in
performance have bcen obtained in the recent
experimental campaign. The one is that the stored
energy has exceeded 1 MJ and the other is that the
volume averaged beta value <[> has ranged to 3 %.
The achieved maximum values in the experiment are
summarized in Table 1. The primary interest in this
study lies in the plasma performance in the extended
regimes in high beta and low collisionality.

The LHD has configuration flexibility by
tailoring poloidal magnetic field, which plays a role
in" scanning the magnetic axis position R, for 3.55
mX R, %4.0 mand the toroidally averaged ellipticity
kK for092 £ x £ 1.17. These configurational
investigations highlight the effects of magnetic well
and shear, the orbits of high-energetic particles, and
neoclassical transport. The ellipticity which can be
controlled by the quadrupole component of the
poloidal field affects Pfirsh-Schlueter currents and
the fraction of trapped particles.

In Section 2, geometrical effect on
confinement is discussed with attention 1o
dependence on collisionality and beta. Section 3 is
devoted to the MHD characleristics and
documentation of a high beta discharge. Pellet
injection from different locations, which is the first
trial in net current-free plasmas, is reported in Section
4. The topical recent experiments including extended
stored energy are described in Section 5. Section 6 is
allocated to conclusions.

3. Geometrical and finite-beta effect on
confinement characteristics

A previous study on energy confinement in LHD
has indicated that confinement improvement in the
standard configurauon with R,=3.75m over the
medium-sized helitoron/torsatron is attributed to the
significant contribution of high edge pressure and
that the core confinement tnside p=0.9 is comparable
to the medium-size heliotronftorsatron [16]. It should
be note that the LHD plasma in that study did not
enter the collisionless regime deeply (v*~1). Here
collisionality vE is defined by

v¥ = \/-que‘. /vfhal's for electrons, and the ion

collisionality is similar to this since generally T,~ T;
in NB1 heated plasmas. While the nature of the
confirement in the case with R,=3.6 m is located
between Bohm and gyro-Bohm, which is similar to
that described in the ISS95 scaling, it has shown a
further systematic improvement by a factor of 1.5-1.6
on the IS895 scaling [15]. Although the anomaly of
local electron heat conduction with respect o an
estimate from neoclassical theory has been on the
order of 10 to 100 in NB1 heated plasmas in the past

~

medium-sized experiments, the anomaly in LHD
plasmas is reduced to the order of unity. .
Neoclassical transport itsell is of importance in
the collisionless regime and its qualitative evaluation
is also prerequisite to an investigation of anomalous
transport. The helical ripple transport is enhanced in
the collisionless regime in inverse proportion to v¥,

however, it can be controlled by tailoring
multi-helicity [10]. As seen in Fig.l, the inward
shifted configuration reduces the ncoclassical

transport by localizing helical ripples on the inboard
side. A reduction of one order of magnitude is
expected between the available configurations for
R,= 355 m and R,= 4.0 m. Although the
neoclassical transport exists invariably, it was not
reflected by the data yielding the IS895 scaling where
plasmas are collisional and anomalous transport
predominates confinement. In the present study, the
ptasmas which enter deep in the collisionless regime
(v¥<<l) are investigated. The data have been taken
from NBI heated plasmas at the quasi-steady state
phase satisfying dW/dr < Q.1P,.

Figure 2{a) shows the dependence of the
confinement enhancement factor on collisionality.
The 15595 scaling itself does not have collisionality

1,Qecp #271 y 5-004 B—o.m

where p* and Q are the normalized gyro radius and
the ion gyro-fequency, respectively. The inward
shifted configuration with R, < 3.6 m has no
significant or even slight negative dependence on v*
even in deep a collisionless regime. In contrast, the
outward shified configuration clearly shows
declination in low collisionality. The data of the case
with R, =3.6 m alone gives the scaling shows the
density dependence

dependence like

~06020.0) 0474002 R0.75£0.02
o< P B

by m, which is similar

to the ISS95 scaling. Here P, 7, B are the

absorbed heating power, the line averaged density,
and the magnetic field strength, respectively. This
expression can be rephrased in
£-2ME008 |, 5-0.12£0.02 (3 -0.042005
Tefde< p v B

the data in the collisionless regime { v¥<l ) are

. Even if

processed, this expression does not show any

significant change:
“2.8440.14 |, 5-0.13£0.08 3-0.03£0.09

Lo p* v* B As

predicted from the tendency seen in Fig.2(a), the v*
dependence comes out for the outward shifted

configuration. The dependence T £2ecV #0.202003

is obtained for v* < 2 in the case with R, = 3.75 m
and it becomes stronger for the case with R, =3.9 m:

TEQOCV*O‘S'”O"D . The local power balance

analysis indicates that the neoclassical heat
conduction is more than a half of the experimental
value in the plasmas with v¥~1 in the case with R =
375 m [16]. Although clear views of quantitative
estimate of neoclassical transport as well as accuracy
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of experimental measurements are not complete, the
observed degradation of confinement  in  the
collisionless regime which is enhanced in the
outward shifted configuration may be attributed 10 a
neoclassical helical ripple transport. In other words,
no effect of ncoclassical helical ripple transport has
been  observed  and  anomalous transport  still
dominates energy confinement in the inward shified
configuration down to v*<0.1. The geometrical
optimization for neoclassical helical ripple transport
has been successfully demonstraled.

The next question is whether difference in
neoclassical transport can explain superiority of the
tnward shified configuration to the outward one or
not. Certainly the neoclassical transport expands the
gap between them in the collisionless regime.
However, better confinement can be seen as well in
the collisional regime where the helical ripple
transport becomes small and an anomalous transport
determines confinement. The example of reduce heat
conduction will be shown in the later section (to
appear in Table 3).

A finite beta effect on confinement, in particular,
in the magnetic configuration with R,= 3.6 m is also
a major issue since this geometry has unfavorable
characteristics from the aspect of MHD stability and
the outward Shafranov shift changes magnetic
geometry. Although the MHD characteristics are
discussed in the next section, the dependence of
global energy confinement on heta is plotted in
Fig.2(b) for the case with R,= 3.6 m. A systematic
degradation has not been observed up to <> of 3 %.
A time evolution of a single high bela discharge,
which will be shown in the next section, also supports
this feature.

The dependence of global confinement on the
magnetic axis position has been surveyed while
keeping an ellipticity of unity. The confinement
enhancement over the ISS595 scaling with different
magnetic axes is shown in Fig.3 (a). Performance of
global confinement deteriorates monotonically from
the inward shified configuration to the outward
shified configuration. It should be noted that this
trend is emphasized in the collisionless regime.
Although the configuration with R,=3.55m is the
best when the energy confinement time is normalized
by ISS95, the configuration with R,=3.6m has the
best performance in the absolute value because of
12 % larger volume than the case with R,=3.55m.
Figure 3(b) shows the dependence of the confinement
cnhancement factor on the plasma ellpticity. Here the
magnetic axis is fixed at 3.6 m. This geometry scan
also  supports  the claim that the standard
configuration  with  toroidal averaged circular
cross-section has the best performance in absolute
value as well as in a normalized evaluation,

There exist a hypothesis that the predominant
transport mechanism is different in the core and the
edge since the high edge temperature gradient [17,18]
distinguishes LHD plasmas from the medium-sized

experiments. The enhancement factor of a core
confinement time derived from W, /P, where

W, = J.p?g(p(p) — p(0.9))dV ure also ploued
p:

in Fig.3. The dependence of the core confinement
time on the magnetic geometry follows the trend of
the entire confinement time in trend. This also means
that the remainder, i.e., the pedestal part expediently
delined by p=0.9 shows a dependence similar to
those in the core and the entire treatment. However, a
quantitative difference is observed depending on the
configuration, As shown in Table 2, the ratio of the
stored energy in the core to the total stored energy,
W/ W, indicates that the core part for the case
with R,=3.6m has a larger improvement than those
in the cases of (he outward shilled confligurations,
When the energy conflinement is compared for the
cases with R,= 3.6 m and 3.75 m, the case with R, =
3.6m shows enhancements of 1.48, 1.68, and 1.27 for
the total, core and pedestal parts, respectively.
Remarkable confinement improvement in the inward
shifted configuration owes to the improvement in the
core region and the improvement in the edge has less
contribution. The dependence on an ellipticily shows
that the vertically elongated configuration (k=1.17)
has less contribution from the pedestal part, while no
difference is observed between the cases with k=1.02
and 0.92.

3. High beta discharge and MHD characteristics
3.1 High beta discharge

A high beta attempt huas been done in the
configuration of R,=3.6m and x=1.02 a1 low
magnetic field of 0.5 T. Although the orbit loss of
high energy ions from NBI (~150keV) is estimated to
be several percent al more than 1 T from the Monte
Carlo simulation code GNET [19], this loss is
enhanced greatly by lowering the magnetic field even
in this configuration with a good drift orbit. The
magnetic field of 0.5 T is a tolerable Limit of
compromise between power deposition and an
expected beta value.

Figure 4 (a) shows the waveforms of the
discharge pushed to <f> of 3.0%. The beta value
increases to 2.6% along with the density ramp by gas
puffing. Additional fueling is done by pellet injection
at t=1.6 s. Although addiabatic condition is usually
satisfied just at the pellet injection in  higher
temperature  plasmas, a prompt energy loss is
observed in this case. However, the energy recovers
quickly and is raised to <B> of 3% for a short time,
Although the magnetic fluctuation measured apart
from the outermost surface by 18 cm at the poloidal .
angle from the separatrix of 90 degrees reaches 0.1%
of the equilibrium field when <> ranges to 3%, the
energy confinement time normalized by the 15595
scaling is maintained arcund [.4 throughout the
discharge. Coherent modes account for almost all the
fluctuation amplitude. The m/n= 2/3 and 1/} modes,
the resonance surfaces of which exist near the plasma
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surface, are predominant when <f> > 22%. In
contrast, the m/n = 2/1 mode appears once when <f>
= 0.5% and then disappears when <f> >2.2%.
Radiation collapse limits the operational density,
subsequently the beta value. The critical density by
the radiation collapse can be scaled empirically by

n,=Cy P, B/V  where Vis the plasma volume

in m® and the unit of A, is 10”m™? [20) and the
constant C lies between 1.1 and 1.5 {21] in LHD. The
densily at the <p> of 3 % is 7,=2.5%10"" m™ which

is close to the critical density n_=2.4-3.3X 10"%m™.

The reason why the waveform of the stored energy is
not very smooth and the enhancement factor is a little
bit smaller than that of the regular performance may
not be atribuied to MHD instability but to
enhancement of edge radiation.

A large Shafranov shift has been observed in a
varicty of diagnostics. Figure 4 (b} shows the
temperature profile at <> of 3.0% projected onto the
flux coordinate of the vacuum magnetic field. The
shift has reached 40 % of the minor radius which still
leaves margin to the equilibrium beta limit. It also
can be pointed out in this figure that the temperature
profile which is most sensitive to destruction of the
magnetic surfaces keeps a smooth profile to the
expected outermost surface. Although the finc
structure at the plasma boundary should be
investigated in detail, this observation supports the
suilability of the definition of the plasma boundary by
the vacuum surface, which is used in estimates of
<p>.

3.2 Evolution of local pressure gradient

Since the  heliotron  confliguration s
characterized by freedom from net currents and
magnetic hill, a concern for MHD instability is the
pressure-driven interchange mode. Although the

magnetic hill exists incvitably in the peripheral

region, the stability against the ideal interchange
mode is guaranteed by the strong magnetic shear. The
interior region can be unstable due to loss of
stabilization effect of the magnetic shear. This trend
is highlighted in the configuration with the inward
shifted magnetic axis which has enhanced magnetic
hill.

Figure 5 shows the evolution of the pressure
gradient at p=0.5 which roughly corresponds to the
location of the t=1/2 rational surface as a function
of a volume averaged beta in the NBI heated plasmas
with R,=3.6m. The Mercier unstable regime as well

as the low-n mode unstable regime are also illustrated.

The stability of low-n mode is calculated by the
3-dimensional MHD  stability analysis code
TERPSICHORE([22]. The remarkable point is that
the pressurc gradient larger than the Mercier criterion
has been realized and that no major destruction has
been observed 1o date. Also the pressure gradient

seems lo hesitate to increase further beyond
ldB/de =0.02-0.025. This region is overlapped

with an unstable region of the low-n ideal interchange
mode. When a large pressure gradient deep in the
low-n mode unstable region is formed temporally by
pellet injection, minor relaxation phenomena have
been sometimes observed [23] at a major rational
surface. Many experimental points with quite low

Id[.))/dp| are seen around <fB> of 2% in Fig.5(a).

These peints correspond Lo occasional local flatiening
which suggests formation of an m/n=2/1 island [13].
The magnetic probes can identify the mode structure
of a fuctuation with m<10. Observed magnetic
fluctuation with a resonance of t=1/2 is plotied in
Fig.5(b). The amplitude of a resonant mode at t=1/2
increases with beta and its evolution declines around

the point corresponding to ‘dﬁ/dp| =0.02-0.025

(see Fig.5(b)). The total beta valuc can develop
further even with the hesitation of increase in the
local pressure gradient. It should be also peointed out
that there exists the threshold at <B>=0.3% in
appearance of a coherent mode with m/n=2/1.

A time trace of the high beta discharge shown in
Fig4 indicates that the pressure gradient evolves
roughly along with the envelope of a set of data up to
<B> of 2 %. The m/n=2/1 mode disappears above
<p> of 2.2 %. This plasma is supposed (o enter the
second stability regime against the interchange mode
around p=0.5. If the pressure gradient is suppressed
by the interchange mode, the pressure gradient should
recover and grow further in the second stability
regime. However, the experimental observation
shows that the pressure gradient does not develop
further. In addition to detailed investigation about
stability, the transport and power deposition in this
particular low magnetic field operation should be
considered.

Regarding the edge point of p=0.9 which roughly
corresponds to the t =1 surface, both the local
pressure gradient and the amplitude of coherent
resonant mode evolve monotonically with <p> as
shown in Fig.6. Although this radius often has been
discussed with relation to the generation of a
magnetic island [18], the flattening has not been
observed at low magnetic field operation within the
spatial resolution of the Thomson scattering (~2.3¢cm}.
A larger pressure gradient than the Metcier criterion
has been obtained here as well as in the case of p=0.5.
A time trace of the high beta discharge shows that the
plasma steps in the unstable region against the low-n
mode instability. In contrast to the observation at
p=0.5, a development of the local pressure gradient
does not seem to be limited even in the low-n mode
unstable region.

A monotonic increase in the local pressure
gradient indicates that the observed fluctuation does
not limit the local confinement. The magnetic
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fluctuation is delected from quite low <[> and might
be attributed 10 a resistive interchange mode on
which a magnelic shear is nol effective. Another
interesting observation is that higher-n mode appears
at lower <B>, which may reflect the characteristics of
a pressure driven-mode that a higher-» mode has a
larger growth rate.

Stability against the interchange mode is greatly
improved in the configuration with R,=3.75m. Two
comparisons of plasma parameters in the cases with
R.=3.6m and 3.75m are described in Table 3. Both
cases have approximately the same non-dimensional
parameters, i.e., p*,v* and <B>. The small pressure
gradient at p=0.5 in the cases of 1.5 T is due to
hollow density profile which may be attributed to
neoclassical off-diagonal particle flux enhanced in a
collisionless regime and not due to MHD instability.
Evidence indicating no direct effect of MHD
instability can be seen in the comparison of the
pressure gradient at p=0.5 in the cases of higher
magnetic field. Although the region around p=0.5 in
the case with R,=3.6 m is located in the Mercier
unstable region (see Fig.7), the similar pressure
gradient (1.62 X 10°/m*) to that in R,=3.75 m
(1.72% 10*J/m”) is realized simultaneously with a
reduced electron heat conduction (1.40 m*/s versus
2.37 m¥s). Here it should be noted that the dominant
loss channel of energy is considered 1o be an electron
heat conduction as in the medium-sized experiments
since the beam energy in the LHD experiment (150
keV} is much higher than the electron temperature.
Pressure gradients are similar in both configuration at
other radii. They are larger at p=0.9 than at p=0.5,
which indicates a broad pressure profile. Since the
NBT power deposition is more peaked in the case
with R,=3.75 m than that with R,.=3.6m, heat flux is
reduced at p=0.5 in the case with R,=3.6m when the
total deposition power is the same. The magnetic
fluctuation spectrum in these two cases is shown in
Fig. 7(c). There exists several peaks comresponding to
low-# coherent modes in the case with R,=3.6m. The
case with R,=3.6m accompanies larger fluciuation
amplitudes and better confinement than the case with
R,=3.75m. These two comparisons in Table 3 also
indicate that the superiority of thermal transport in
the case with R,=3.6 m to that with R,=375 m is
retained in a wide collisional region (v*~1-5).

The Shafranov shift in heliotrons is well described
by the 3-dimensional compulation [24] and also a
simple analysis of stellarator averaging scheme gives
a reasonable qualitative agreement with experimental
observation. When the ellipticity of the plasma is
enlarged by the quadrupole component, ie., in the
case of k¥ > 1, the Shafranov shift is predicted to be
reduced since the Shafranov shift normalized by the
minor radius outside on the mid-plane is roughly
conserved. Figure 8 (a) shows the Shafranov shift
estimated from the tangential imaging of soft X-ray
[25,26] as a function of an equilibrium beta for the
three magnetic configuration with k = 0.92,1.02 and

1.17. The equilibrium beta includes contribution of
the beam pressure. Larger and smaller shifts are
observed systematically in the cases with k=092 and
k =1.17 than in the case of circle {x =1.02),
respectively. Figure 8 (b) shows a typical pressure
profile in the hatched area in Fig.8 (a). The central
electron temperature is 3.5 keV in this series of
plasmas at 1X 10"°m™ with the NBI port-through
power of 4 MW. When a general situation is the same
for all three cases, the deposition power is larger and

-the profile 13 more peaked in the case of x= 1.17 than

in other two cases which have very similar profiles to
each other. The vertically elongated configuration
{x=1.17) shows the reduced shift although a peaked
pressure profile is expected due (o the beam.

4. Pellet injection from different locations

Core fueling has been investigaled intensively
with regard to improvement of confinement as well
as fueling efficiency. Pellet launching from the high
magnetic field side has been atiracting interest in
recent tokamak experiments [27,28]. A significant
shift of density redistribution from the particle
deposition towards the outboard side in the major
radius direction has been reported in  these
experiments. Therefore the high-field side launching,
that is injection from the inboard in tokamaks, greatly
enhances core fueling. The physical picture of the
E X B drift of a high-beta plasmoid seems to
successfully explain these phenomena [29] as far as
small aspect-ratio tokamaks. Core fueling is an
important issue in helical systems as well since a
particle pinch has not been observed widely. The
pellet launching from different location has been
investigated in LHD. This is the first investigation in
net current-free plasmas. Access to a plasma from a
port is easier in LHD than tokamaks because of no
central structure and a large aspect ratio {6~7 in LHD
while ~3 in tokamaks). Figure 9 illustrates the two
cases of launching from the top and the outboard side.
The case of launching from the top corresponds to a
local high-field side. The other case of launching
from the outboard corresponds to the low-field side
from the aspect of both local helical modulation and
toroidicity. Figure 10 shows a particle deposition
estimated from Hg emission during the ablation
process and density redistribution in  different
launching locations. The condition of the target
plasma is fixed. Although the pcak of particle
deposition is located at p=0.5, the peak of the
increment of density moves outwards to p=0.9 in the
case of the outboard launch. This significant shift is
similar to the observation in the outboard injection in
tokamaks. Rapid particle evacuation should be
related to the deterioration of fueling efficiency and
30 % of supplied particles are lost promplly in this
case. An outward shift of particles is also seen in the
other case of launching from the top although pellet
penetration is shallow because of the low velocity
needed (o maintain an intact pellet in the curved
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guide tube. The estimates of density deposit and
redistribution do not make any significant difference
in the time frame of 20 ms which is the repetition rate
of the density profile measurement. Confinement
charactenistics after the pellet injection Iook the same
for both cases. The inboard launching also gives a
similar result. The ablated plasmoid is exposed 1o the
EXB force as it diffuses along a field line. Since the
rotational transform is farger in LHD than that in
tokamaks, a plasmoid tube shifts round from the
inside to the outside (or the other way round) more
rapidly. Therefore this drift seems to be cancelled out
1o some extent in addition to less toroidal effect than
in tokamaks. The E X B motion estimated by

(VB/B)-Vp is plotied along the field line in

Fig.11. The start point of ¢ =0 corresponds to the
ablaled position in the case of outboard launching
shown in Fig.9(a). The positive sign means inward
motion in the minor radius direction. The case in
LHD suggests inward motion in toroidal average
although the predicted motion is complicated by the
helical magnetic field. A tokamak with the same
aspect ratio shows a small outward shift. Observed
significant outward shift in the minor radius in LHD
poses a question on the applicability of the EXB drift
model.

5. Discussions

The configuration with the magnetic axis position,
R, of 3.6m, which is shified inward by 0.3 m from
the nominal center of LHD and the toroidal averaged
ellipticity, x, of 1.02 has shown the best confirement
performance in absolute value in this configuration
study. The energy confinement in this configuration

=N.60—0.47 Q.75
pRe B

is scaled by Tpec £, H, . Therefore, an

- increase of density is a key issue in maximizing the
stored energy. Figure 12 shows the typical waveform
in the high density and stored encrgy attempts. The
magnetic ficld is 2.8 T, and the pon-through power of
NBI and launching power of ICRF are 5 MW and 2
MW, respectively. While the loss of NBI power is
estimated to be up to several percent, ICRF heating
efficiency is unclear since the fundamental harmonic
condition of minority hydrogen ions is much
deteriorated due to a large concentration of hydrogen
due to the pellet fueling. An increment of stored
energy by ICRF of about 0.1 MIJ suggesis an
absorbed power of 0.9 MW with the assumption of a
regular energy confinement. The five pellets are
injected from 0.4 s to 0.7s, which increases h,
beyond the 1X10%m™ in this short time [30,31).
While the stored energy behaves adiabatic during the
pellet injection, it rises slowly due to confinement
improvement by density increase [32] and reaches to
1.03MJ at #, of 85%10"°m™ by P, of 6.5 MW. A
confinement enhancement factor on the [SS95 is 1.4,

Here two operational tools are succssfully applied, i.e,
a methane puff and an external magnetic perturbation

by the local island divertor (LID) coil [33]. Since the
key mechanism of favorable functions of both has not
been clarified, the detailed description awaits a future
work.

Although the operationai magnetic field in a
helical system is usually resiricted by the resonance
conditions ol wave heating to generate the target
plasmas, the establishment of a plasma-production
scheme by NBI alonc removes this restriction [34].
This technique has made possible a high beta study in
low magnetic fictd and promoted an investigation of
the magnetic field dependence substantially.  The
new pumping system which has tripled the pumping
speed up to 85m’/s, the unique feature of freedom
from disruption and the availability of a steady-state
magnetic lield have enabled a several -seconds long
plasma discharge 10 be repeated every 3 minutes.
This high repetition rate has enhanced experimental
efficiency.

While the NBI heated plasmas are the primary
subjects of this study, other notable achievements
have been made by ICRF heating. [n particular, the
facts that ICRF heating alone (2.3 MW) has realized
240 kI at moderate density (1.7 X 10”m™) and
indicates sufficient confinement of highly energetic
trapped particles are notable[35]. Long pulse
operation has been prolonged to 127 s by ICRF
heating of 0.4 MW. These subjects rclated to ICRF
heating will be reported elsewhere.

Since the basic transport characteristics are
gyro-Bohm in NBI heated plasmas in LHD,
micro-turbulence due to electro-static modes can be a
candidate of anomalous transport. Figure 15 shows
the linear growth rate of the ion-temperature-gradient
and trapped-electron modes for the two cases
described in Table 3. This is a result from the FULL
code [36] which calculates the linear growth rate of a
microinstability in a 3-dimensional geometry. The
inner part is stable for both cases since the pressure
gradient is below the threshold. Stability of the ITG
mode in LHD can be attributed to shortening the
connection length between adjacent good and bad
curvature by the magnetic field modulation by helical
and the negative magnetic shear{37]. Since the
curvature is less preferable in the inward shified
conftguration, the ITG mode can be excited more
clearly than in the outward shifted configuration. The
differences in  microinstability result for this
comparison do not explain the experimentally
observed difference in transport.

6. Conclusions

The design study in LHD had indicated that a
linear stability of an interchange mode is violated in
the inward shifted configuration which has preferable
characteristics for both neoclassical transport and
confinement of high energetic particles. Therefore
either saturation of the pressure gradient or major
destruction of a profile had been predicted for the
experiment. However, the actual experiment has
indicated that the pressure gradient can be raised
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beyond the Mercier criterion.  Representative
achievements described in this article are the stored
energy of 1MJ and the volume averaged beta of 3 %.
The inward shifted configuration shows a 50 %
enhancement on the 18895 scaling up o <f> of 3%.
The superiority of the inward shifted configuration is
distinguished in the comparison with the outward
shifted configuration. The larger pressure gradient
has been realized with reduced heat conduction in the
case with R, =3.6m in spite of larger amplitude of
magnetic fluctuation than in the case with R,,=3.75m
where the Mercier mode is stable. The appearance of
the coherent mode with m<10 seems to be consistent
with the prediction of the ideal linear MHD theory.
Stability analysis suggests the high beta discharges
beyond 2.2% cnter the second stability regime around
p=0.5. Although magnetic fluctuations of the
resonant modes located there disappear indeed, the
development of the pressure gradient has not been
observed. The geometrical effect on the suppression
of neoclassical transport is demonstrated by this
inward shifted configuration as well. Any significant
deviation from the [SS93 has not been observed deep
in the collisionless regime down to v* of 0.05 while
the outward shifted configuration which is not
optimized to mitigation of the neoclassical transport
has indicated significant degradation of confinement
in the collisionless regime.

Distinguished characteristics observed in the
inward shifted configuration in LHD give a new
perspective of MHD stability and related transport in
net current-lree plasmas.
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1.5%10%m?

Line-averaged density n,

Energy confinement time Te 0365
Plasma stored energy w, 1.03 MJ
Electron temperature TA0) 4.4 keV
Ion temperature T0} 3.5keV
Volume-average beta <p> 30%
Discharge duration 127 s

Table 1 Maximum plasma parameters achieved in LHD
R, {m) 3.6 3.75 3.9
K 0.92 1.02 1.17 1.03 1.01
Woerred Wit 0.58+0.05 | 0.58+0.07 | 0.72+0.07 | 0.51£0.07 | 0.53+0.07

Table 2 Ratio of the stored energy in the core to the total stored energy.

shot # #11369 #16727 #25664 #25708
Global parameters
R, (m) 3.6 3.75 3.6 3.75
B(T) 1.5 1.5 28 2.64
W (M) 0.192 0.130 0.371 0.335
<B> (%) 0.65 0.48 0.36 0.37
n, (10°m™) 2.36 2.35 4.97 4.62
P, (MW) 1.19 1.73 1.67 3.17
e (5) 0.162 0.074 0.222 0.108
Tl 1.69 115 1.10 0.94
p=0.5(near t_=0.5)
-dp/dp (J/m?) 1.20x10° 1.43%10° 1.62X10° 1.72x1¢*
p* 2.80% 107 2.75%107 1.31x10° 1.67% 10
vE 1.01 1.09 4.40 2.70
%X (m?/s) 2.13 3.15 1.40 2.37
p=09(near t_=1) :
-dp/dp (J/m*) 6.36% 10° 6.66x 10° 1.93% 10° 1.76X 10}
p* 1.65%10° 4.16%10° 7.30x10* 1.05% 10
v* 3.12 3.3] 10.3 6.60
Xe (M?/s) 0.99 1.59 1.03 1.79
Magnetic fluctuation
B/B,, (10 2.45 0.59 1.30 0.51
B(m/n=2)/B_ 107 0.25 undetected 0.26 undetected

eq

Table 3 Global plasma parameters and local parameters at the major rational surfaces for the
dimensionally similar discharges with different magnetic axes.



Figure captions

Figure 1

Figure 2

Figure 3

Figure: 4

Figure 5

Figure 6

Fi gure 7

Figure 8
Figure 9
Figure 10
Figure 11

Figure 12

Figure 13

Mercier unstable region and diffusion coefficients of a neoclassical transport [{0] and an anomalous
transport model [11} as a funcuon of the magnetic axis position. Here pressure profile of
p=pa( 1-p")(1-p*) with <B> = 1% is assumed for evaluation of the Mercier criterion.

Dependences of confinement enhancement factor over the ISS595 scaling on non-dimensional
parameters. (a} Collisionality. {b) Beta.

Enhancement factor of energy confinement time on the ISS95 scaling for different magnctic
configuration. Squares are derived from the total stored energy. Triangles are derived from the core
part which is subtraction of pressure at p=0.9 from the entire part. (a) Scan of the magnetic axis
position. Ellipticity « is fixed at 1. {b) Scan of the ellipticity. R, is fixed at 3.6m.

(a) Waveforms of the discharge pushed to 3.0%. Top: volume averaged beta and absorbed NBI
heating power. 2nd top: line averaged density and confinement enhancement factor on IS895. 2nd
bottom : magnetic fluctuation outside the plasma. Bottom: contour of coherent fluctuation amplitude.
{b) Electron temperature profile projected on to the vacuum magnetic surfaces. ’

Evolutions of (a) pressure gradient at p=0.5 and {b) amplitude of coherent magnetic fluctuation with
the resonance of 1/2 along with the volume averaged beta <B>. Mercier unstable (dotted line) and
low-rt mode unstable region (fat solid line) are also illustrated in (a). The areas shown by arrows are
unstable. A time trace of the discharge shown in Fig.4 is illustrated by a thin’solid line.

Evolutions of (a) pressure gradient at p=0.9 and (b) amplitude of coherent magnetic fluctuation with
the resonance of 1/1. Mercier unstable (dotted line} and low-n mode unstable region (fat solid linc)
are also illustrated in (a). The areas shown by arrows are unstable. A time trace of the discharge
shown in Fig.4 is illustrated by a thin solid line.

Comparison of dimensionally similar discharges with different magnetic axes, R, = 3.6 m and R,.=
3.75 m. Those correspond to #23664 and #25708 in Table 2, respectively. Electron temperature,
density and iota profiles are shown in (a} of the case with R, = 3.6 m and (b} of the case with R, =
3.75 m. {c) Power spectrum of the observed magnetic fluctuation.

(a) The observed Shafranov shift for the configuration with different ellipticity with the same R, of
3.6 m. (b) Beam and bulk pressure profiles with typical plasma parameters in the hatched region in

(a).

Magnetic geometry .at the launching cross section of the pellet. (a} Launch from the outboard. (b)
Launch from the top. Contours of magnetic field strength are also plotted. The magnetic held
increases in the direction of solid arrows and decreases in that of broken arrows,

Profiles before and after pellet injection. Top: electron density. Middle: electron temperature.
Boutom: Hot intensity indicating pellet penetration, calculated deposition and measured increase of
density. (a) Launch from the outside. {b) Launch from the 1op.

Distribution of the streﬁgth of EXB drift along with the magnetic ficld line. A half turn in the
toroidal direction is plotted. Solid line : LHD. Broken line : Tokamak like field with the same aspect
ratio as LHD.

Waveforms of the discharges for high stored energy attempt. Top: stored energy W, and injected
heating power Pyg and Pieyy. Bottom: line averaged density A, . and confinement enhancement on

the 1SS95 scaling.

Linear growth rate of the ITG and TEM mode for different magnetic configuration described in
Table 3 (R, =3.6m:#11369, R, =3.75m:#16727)
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Pulsed Radar Reflectometer for Density Profile and Fluctuation

Measurements of Large Helical Device.
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and LHD experimental group

National Institute for Fusion Science, Toki 509-5292, Japan,
‘Research Center for Development of Far-Infrared Region, Fukui University,
) Fukui 910-8507, Japan
‘Graduate School of Frontier Sciences, Univ. Tokyo, 113-0033, Japan

1. Introduction

It is very important to know the edge density profile and fluctuation
information for the magnetic confined plasma experiments. In order to measure these
plasma parameters with high temporal and spatial resolution, we try to apply microwave
reflectometer on Large Helical Device (LHD) [1, 2). Reflectometer is a compact
system, needs a small access to the device, and also has a higher resolution than
conventional diagnostic methods. For these benefits, several types of reflectometer
have been used in world fusion devices [3]. Since LHD has a complex magnetic field
configuration and also has a large magnetic‘shear, the launched and the reflected
microwave may have a complicated behavior such as the mode conversion or the
.polarization rotation [4, 5]. To study the effect of the strong magnetic shear, the pulsed
radar reflectometer is a suitable reflectometric technique. Because pulsed radar
reflectometry measures the delay time of the reflected wave from the cutoff layer in the
plasma, it can distinguish between X-mode and O-mode polarized waves even if
unexpected pulses are returned. '
2, Pulsed radar reflectometer system

We construct V-band and R-band pulsed radar reflectometer systems. The
schematic of V-band 2ch pulsed radar reflectometer system is shown in Fig. 1. 60GHz
and 65GHz Gunn oéci]lators are used as sources. The output powers of both sources
are 100 mW. PIN switches are used as a pulse modulator using the tuned signal of the
generated impulse output. The microwave pulses pass through the oversized
waveguide in order to avoid the deformation. The separate, transmitter and receiver

horns are used in order to avoid the mixture of spurious reflecting components in the



waveguldes, vacuum window, etc. The antenna is a conical horn with a Teflon lens for
focusing the microwave beam and can be moved horizontally and rotated using a
remote controller. In a mixer the reflected wave picked up by the receiver horn is
mixed with the local microwave, which the frequency.of the local oscillator is 78 GHz.
The intermediate frequency signal is divided and each signals are filtered by band-pass-
filter with the bandwidth of 1.0 GHz then detected and converted from the envelope of
the reflected wave to the pulse. The reference pulse for the TOF measurement is
measured using V-band detector, which is located at just after the PIN switch to avoid
the jitter of the pulse generator and the PIN switch. The pulse width is around 2 ns and
the repetition rate is 100 kHz in the standard operations. The detected pulses are fed to
a diagnostics room using the electro-optical converters and the optical cables. Then
time-of-flight (TOF) measurement is carried. A constant fraction discriminator (CFD)
is used to obtain the stari and the stop pulse for the time-to-amplitude converter (TAC),
because the pulse amplitude is changed during the plasma discharge. The obtained data
is acquired by CAMAC (Aurora 14 with 12 bits | Mword memory) and stored by a

windows-NT based personal computer.

65GHz
) SN —"
| el
60GHz N
BIN
2N switeh
W— F]

My —
[ LHIExperiment R)mm
( Diagnostic Roonﬂ
Monitor
h
L [[LFDT
"."";. - CFT
=1 TFL]
ICioch CAMAC]
1929.'1 Aurora-1

waveguide

semirigidcable  — ™ optical cable
Figure 1. Schematic of 2ch U-band pulsed radar reflecrometer system.  The R-band svstem
is similar; the probe frequencies are 33 and 39GHz, and the local frequency is 51GH-=.
3. Experimental results
LHD plasma 1s usually initiated by ECH and then neutral beam is injected.

Launching an X-mode microwave pulse the initial critical layer of the right-hand cutoff



frequency of 60 GHz is located at R=4.3m and that of 65GHz is located at R:—-4.2m,
Figure 2(a) shows the time evolution of the delay time.
When plasma is
In Fig. 2(b},

where R is the major radius.
In this case both reflected pulses are appeared at the same time.
initiated by only NBI, the reflectometer signals show different behavior.
65 GHz reflected pulse appears at 0.415s and then 60 GHz reflected pulse appears with

20ms delay. 1t is clearly found that the plasma is initiated in the core region and then
plasma is expanded in the case of NBI start-up plasma.
#21216 <ECH start-up> #21232 <NBlI start-up>
o v T yee— v
..2 3
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Figure 2. Time evolution of the delay time of reflected pulses.  (a) ECH start-up plasma and

(b} NBI start-up plasma.
Pulsed radar reflectometer has an ability to measure the density profile and

density fluctuation, simultaneously. Figure 3(a) shows the time evolution of the delay

time in an ECH ipitiated and ICH sustained plasma shot. After heating by ECH the

{luctuation grows up and the core density decreases. The enlargement time evolutions

are shown in Fig. 3(c) and (d). The coherent oscillation is measured by both diagnostics.

This oscillation is density fluctuation with low frequency of 260 Hz.
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Figure 3. Time evolution of (a)the delay time of reflected pulse and (b)FIR interferometer signals.

#20178 (Rax=3.60m, Bt=2.883T)

——, hl , -
‘EcH ‘,C;,_ @)
N - -
é ®)

o ! timg is)  * =

NL Lm‘%n"] Detay time [ns)

85

-1.5

LL

05

D4

03

bk

2T

rmls-l TIT TIX

5

The enlargement time evolution from I.2s 10 1.25s of (c) reflectometer signal and (d)ch9 of FIR signal.



At O-mode operation using R-
band reflectometer system, two pulses are
reflected from corresponding positions of
each plasma frequency. The time
evolution of the delay time is shown in Fig,
4(b). In this figure, the dotted lines are
the delay time measured by pulsed
reflectometer and the solid lines are the
calculated delay time using the density
profile measured by FIR interferometer.
The reflected pulses are appeared when the
electron density reaches to be the
corresponding cutoff densities. Both
values of the delay time are almost
agreement in the edge region, however
they are not agreement in more core region.

The dotted line shows the estimation of the

H25675

(19 (a)

NeL [x10"'m "

Delay time [ns]

(su] awn &B[sp pe|nde]y

T L
poos 1 15 ! 25 1 35 4
time [3]

Figure 4. (a) Time evolution of the
averaged density and (b) the dots are the delay
time of reflected pulses, the solid lines are the
calculated delay time using the density profile,
and the dotted lines are the calculated delay time
using the assumption that the waves propagate as

X-mode.

delay time assuming X-mode microwave pulse propagates from the edge to the O-mode

cutoff layer. Nevertheless this assumption is over estimation, the measured signal is

not able to be explained. This disagreement is probably caused by the ambiguity of

density profile reconstruction and/or by the error of estimation for the cutoff position.

We need to study the detailed effect of the magnetic shear to the wave propagation

using the simulation analysis.
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RADIAL PROFILE OF METALLIC IMPURITIES OBTAINED FROM X-RAY
PULSE HEIGHT ANALYZER IN LHD
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1. Introduction

Measurement of x-ray spectrum is important {o investigale fundamental properties of
magnetically confined high temperature plasma, since it can give information on electron
temperature, impurity, and nonthormal electron [1,2]. Recently, it is intended to rise up the
spectral, spatial and temporal resolution in the x-ray diagnostics, because it is required to
obtain important information such as the shift of magnetic axis, T. profile, spatial distribution
of metallic impurities and especially spatial distribution of nonthermal high energy electrons
driven by electron cyclotron heating. However, in the energy range of x-ray it is
fundamentally difficult to get simultaneously high spectral, spatial and temporal resolution.
Recent technology dose not yield any applications which can fully accomplish this problem.

An assembly of pulsc height analyzer (PHA) has been constructed in Large Helical
Device (LHD} [3,4]. The assembly-is equipped with a utility called a radial scanning system
which modulates and identifies the sight line of PHA along major radius direction of LHD. It
is the advantage of the system that permits adjustable acceptance of the sight line and
improvement of scanning time. The scanning range of the system fully covers the plasma in
the radial direction.

The radial profiles of K lines of metallic impurities such as titanium, chromium and iron
have been successfully observed with the assembly. The energy shift of Ky line 1s also
observed for each radial viewing chord. In addition to the experiment the radial distribution
of line tntensity emitted from each ionic state of metallic impurity is calculated as a function
of electron temperature and density profiles. As a result, absolute density has been estimated
from the comparison with the experimental result and the calculation. In the present article
radial distribution of respective ionic state of metallic impurity is reported.

2. Radial scanning PHA system :
The assembly is equipped with four x-ray detectors arranged along major radius direction
with a space interval of 300 mm. Each detector consists of four pre-amplifiers, a portable
liquid nitrogen cryostat, and four Si(Li) elements mounted inside a vacuum enclosure with a
12.5-pm-thick beryllium window. Each of the four elements is arranged on the corners of 13
mm square. The diameter of each element is 8 mm. Since the semiconductor x-ray detector is
casily influenced by electrom‘agnetic noise and mechanical vibration, the detectors are
electrically and mechanically isolated from a supporting stage and fully covered with a
copper shield. These special ilems of the isolation and shield are intrinsic to avoid a
systematic error in signal. Main amplifiers are set into a copper box which 1s close 1o the
detector. A calibration of the detector has been carnied out using an x-ray source which emits



intense lines of iron K and K . The energy resolution of the detectors has been adjusted to
170 eV at 6.5 keV.

The radial scanning system consists of four movable circular slits, and can modulate and
identify the sight lines of the PHA along the major radial direction of LHD in a time interval
of a few hundred msec. As a result, the data are successfully obtained with a spatial resolution
of a few millimeters.

3. Experiment and discussion

Figure 1 shows typical profiles obtained with the assembly. The spatial resolution is
roughly 30 mm in the major radial direction. Each point for impurity fepresents the integrated
emission which has been observed through each sight line with a time integration of 240
msec. The radial profile of electron temperature estimated from continuous spectrum is also
indicated. At present the duration of the scanning was approximately 8 s. The time resolution
will be improved in next step. The plasma parameters were constant during the accumulation
of the data. The assembly also makes it possible to estimate the line intensity and electron
temperature near = 1.0, as is shown in the figure.

Figure 2 shows line spectra observed through two different positions of sight line. These
spectra have been measured through a 1-mm-thick beryllium. In the figure reduced intensities
are described. In comparison with the two lines it is remarkably indicated that there is a shift
between the K lines of iron. The photon energy is different between K lines emitted from
respective ionic state. It qualitatively reflects K lines from lower charge states increase at the
position of =-0.54 in comparison with the case of the position of = 0.0.

Radial profile of K line emitted from metallic impurities has been analyzed to estimate the
radial distribution of respective ionic state of each metallic impurity. Figure 3 shows radial
profiles obtained from the experimental result and a cord calculation. In the calculation the
diffusion coefficient of each impurity is assumed to be 0.2 m%s. Each calculated radial profile
of line spectrum emitted from respective ionic state.is shown in Fig.4.
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In the case of the temperature, as is shown in the Fig.1, it is shown that the intensity of the
line spectrum is mainly contributed from He-like, Li-like, Be-like, and B-like. In the case of
iron the most intense line is emitted from Li-like ion within = 0.6. As is shown in Fig.5(a),
it suggests no emission to the line from H-like ion. The concentration of iron is estimated to
be approximately 0.008 % from the comparison shown in Fig.3. By the same method the
concentrations of chromium and titanium are also estimated to be approximately 0.003 % and
0.001 %, respectively.

The calculation is also consistent with the experimental result on spectral profiles taken
from = 0.62 (see Fig.5(b)). The photon energy of K emission depends on the ionic state as
mentioned above. The detector equipped with the assembly has energy resolution enough to
obtain the energy shift of the line.
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intensity is integrated along sight line in a case of =0.0.

The intensity of respective line structure is also indicated.

Figure 6 shows the radial distribution of each metallic impurity estimated from the analysis.
The concentration of each metallic impurity is also indicated. The dominant ionic state is



He-like in each case around plasma center, while the concentration of bear ion and H-like ion
are much lower than that of He-like ion.
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3. Conclusion and future prospect
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Development of an assembly equipped with a radial scanning system has attained a
remarkable progress on method for radial profile of x-ray spectrum in connection with
conventional utilization of PHA. The line spectra have been successfully observed with good
energy resolution enough to analyze the energy shift of the K line. From the analysis of
observed profiles, the radial distribution of each ionic state is estimated in the case of
titanium, chromium, and iron, respectively.

Although improvement of the assembly must be made in order to achieve better counting
rate, the further operation of the assembly will greatly contribute to studies on high
temperature plasma concerning metallic impurities.

Mounting of a detector sensitive to hard x-ray region is currently in progress. Studies on
the radial profile of high energy tail driven by electron cyclotron heating are the next target.

Reference

[1] T.Cho ef al., Phys. Rev. Lett. 64, 1373(1990).

[2] T.Cho ef al., Phys. Rev. A 45, 2532(1992).

[3] S.Muto and S.Morita, Fus.Eng.Des. 34-35, 205(1997).

[4] S.Muto and S.Morita, Rev.Sci.Instrum. 72 (2001} 1206-1209



A Multichannet 118.8 um-CH30H Laser Interferometer
for Electron Density Profile Measurements in LHD

K. Kawahata, K. Tanaka, T. Tokuzawa, Y. Ito, A. Ejiri', S. Okajima’
and LHD Experimental Group '

National Institute for Fusion Science, Toki 509-5292, Japan
'Graduate School of Frontier Sciences, Univ. Tokyo, Tokyo 113-0033, Japan
College of Engineering, Chubu University, Kasugai 487-8501, Japan

Abstract

A 13-channel far infrared laser interferometer has been developed and routinely
operated for the measurements of the spatial and temporal behaviors of the electron density
in the Large Helical Device (LHD). The optical configuration i1s of the Michelson
interferometer type with a heterodyne detection system. The light source is a highly stable
twin 118.8-um CH3O0H laser pumped by a cw CO2 laser, which is developed in NIFS. All
the optical components of the interferometer except laser sources are mounted on a massive
stainless steel frame, which encircles the plasma vacuum vessel and is placed on three
vibration-isolating mounts. The observed fringe shifts caused by the mechanical vibrations
of the system is 1/100 fringes for the high frequency components of > | Hz and 1/50
fringes for the low frequency components. The phase-shift measurement is made with an
~accuracy of 1/100 of a fringe, corresponding to a minimum measurable line-averaged
density of 5.6 x 10' m” at the central chord.

1. Introduction

The Large Helical Device (LHD) experiments has successfully started [1,2] after the
eight-years of construction period(1990-1997). The major and minor radii of the plasma are
3.6 -3.9mand 0.6 0.65 m, respectively. The magnetic field up to 3 T is generated by a
pair of superconducting helical winding of pitch parameters of m/l = 2/10 and three sets of
superconducting poloidal coils. The plasma is generated by ECRH of 84 and 82.6 GHz, and
heated up by NBI and ICRF [3]. The plasma parameters obtained to date are: the
electron/ion temperature of 1.0 - 4.5/3.5 keV, the line-averaged electron density of < 1.5 x
10 m” and the maximum stored energy of 1.0 MJ. A multi-channel FIR laser
interferometer has been developed [4] for the density profile measurements on LHD. There
are no mechanical disturbances caused by the change of the magnetic field in the laser
diagnostics which usually need the exact spatial alignment. Here, we shall present the
characteristics of the major components of the interferometer and typical experimental
results.

2. General Layout of the System

Figure 1 shows a schematic drawing of the interferometer system [4] in the LHD
experimental hall, including the other major diagnostics. The FIR lasers are installed in the



laser room biologically shielded with thick concrete walls, and their beams are transmitted
about 40 m through a couple of the dielectric wave guides (Acrylic resins tubes ~47 mm
inner diameter) to reach the optical bench of the interferometer. The optical housing, where
~150 optical components are installed, is mounted on a massive frame. The frame encircles
the plasma vacuum vessel and is placed on three pneumatic vibration isolation mounts in
order to isolate it from floor vibration. This isolation stand is 18.4 meters tall and weights
about 30 tons. The diameter of the three main supports is 712 mm. The upper shelf of the
stand supports thirteen corner cube reflectors (75 mm aperture, 1 second accuracy), and the
interferometer housing (3900 x 1500 x 4500 mm?) is supported by the lower shelf, which is
located below the floor of the LHD. The optical housing is air tight and filled with dry air
in order to reduce absorption of the CH30H laser radiation by atmospheric water vapor. Z
cut crystal quartz etalons are used for the beam splitters, beam combiners and vacuum
windows. The measured transmission of the windows (73 mm clear aperture, 2999 um in
thickness) is about 80 %. The each probe beam is focused to a beam waist diameter of 44
mm on the corner cube reflectors. The reflected beams are combined with the local beams
and down-converted into L.F. signals (f = 1 MHz) by GaAs Schottky barrier diode mixers
mounted on a corner cube reflector. For the detection of the mechanical vibration the He-
Ne laser interferometer is equipped at the central chord channel.
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Fig. 1. Cross-Sectional view of the LHD} experimental hall.

3. The Laser System

For the interferometry of the LHD plasmd, the probing laser wavelength should be
smaller than 200 pum in order to avoid the beam refraction effects owing to the plasma



density gradient. There are two kinds of laser sources with high power in the FIR
wavelength region, 119 um CH30H and 195 pum DCN lasers. We have chosen the 119 pm
CH30H laser from the view points of the output power (620 mW), small refraction effect,
high beat frequency available and so on. Figure 2 shows the schematic drawing of the laser
system we have developed. In the optically-pumped FIR laser, the pump CO2 laser plays
important role for output power, laser mode, and stability of the FIR laser oscillation. In
order to stabilize the CO2 laser frequency, DC and AC the stark effects of the external
CH3OH Stark cell are applied. The twin FIR laser is ol the waveguide type, consisting of
35 mm ID Pyrex-glass tubes of 2.2 m in length with coaxial water coolant jacket. The laser
cavity are formed by gold coated Cu input couplers with a off-axis 3 mm hole and gold
coated S1 hybrid couplers with a 13 mm diameter clear aperture. The cavity mirrors are
mounted on the base plates made of stainless steel, of which separations are fixed by using
two super-invar rod of 25 mm in diameter. The position of the mirror mounts is controlled
by stepping motors with the minimum step size of 0.01 wm, which enable us to control the
beal frequency within an accuracy of 5 kHz, 0.5 % of the beat freqhency {IMHz). The
output power can be as high as 680 mW in total, but a typical operation power at the
experiments is 250 mW (150 mW for a probe beam and 100 mW for a local beam).
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Fig. 2. Schematic drawing of the optically pumped twin FIR laser with a feedback control system

4. Data Acquisition System and Results

The 1 MHz beat signals from the detectors are amplified and converted to TTL
signals in the electro-optical converters. For the ‘measurement of the phase difference
between the probe signal and the reference one a new type of digital phase linearizer has
been developed [5]. The phase linearizer can measure phase shifts up to 640 fringes with an
accuracy of 1/100 of a fringe. The size of internal memory is 16 bits — 2 Mwords and the



sampling frequency of the waveform data is up to 1 MHz. For real-time phase
measurements the phase linearizer has a digital-to-analog converter oulput, and its output
signal has been used for the density feedback control.

Figure 3 shows typical direct output signals of 12 channels when an ice pellet was
injected into the LHD plasma. The amplitude of the phase shift due to the mechanical
vibrations was measured to be less than 1/100 fringes during the standard duration
discharges, so that the compensating interferometer is unnecessary at the present. In order
to obtain density distribution, we applied the simple slice and stuck technique for the Abel
inversion procedure [6]; Figure 4 shows the time evolution of inverted chordal data for a
pellet injected discharge. The observed density profile is hollow one before the pellet
injection, and becomes relatively flat just after the injection. The profile keeps the same
one for ~100 ms afler the pellet is injected, and then changes to the peaked one. A steep
density gradient is observed at the peripheral region of the plasma, which often causes the
fringe jumps at the corresponding channels when a large sized pellet is injected. In order to
solve this problem, shorter wavelength laser sources are under development [7].
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Fig.3. Time behaviors of the line integrated Fig.4. Time evolution of the density profile
densities, during ice pellet fuelled discharge.
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Abstract

This paper reports the results of high power ICRF heating experiments in the LHD conducted
in the 4th campaign in 2000. During this campaign 2.7 MW of ICRF power injection became
possible with increased numbers of ICRF antennas and reinforcement of the RF power
amplifiers. ICRF heating power was added to NBI heating power and expanded the range of
operational power. ICRF heating was also applied to low BT plasmas in high beta
experiments where principles of second harmonic heating was proved. In the long pulse

experiment, a 2-minutes duration of ICRF was attained.

Introduction

The ICRF heating experiment in the 3rd campaign in 1999 demonstrated its Viability in
helical systems by successful }.35MW power injections {1-4] and by a 1 minute long pulse
operation {2]. The importance of high energy particle confinement in ICRF heating being well
realized [5,6], these results are taken as suggesting that the heliotron devices are furnished
with good confinement properties of trapped ions. A specific interest arising here is to what

power the high performance of the ICRF heating is maintained. The power sources were



reinforced in the 4-th campaign to facilitate an examination of the ICRF heating in a higher
power regime. The expeniment began with survey of the heating performance in various
magnetic configurations, by means of changing magnetic field strength, gamma value,
magnetic axis position, and quadrupole component. Finally, the injection power reached
maximum of 2.7MW and significant deterioration has not been observed. ICRF heating
contributed in various LHD experiments as useful power added to NBI, and new regimes of

ICRF heating were explored.

1} Highest Stored Energy

ICRF heating was conducted in minority heating regime with H minofity ions and He bulk
ions. In Fig.1, the locations of cyclotron layer, cut-off layer and two- ion-hybrid layer are
shown. It was confirmed in the experiment that the best heating is obtained at BT =2.75T with
fixed frequency of 38.47MHz as confirmed in the previous experiment [4]. The dependence
of the performance of ICRF heating on the magnetic axis was investigated in this campaign.
The heating result with R=3.6m was found better than that obtained with R=3.75m, which
agree with the previously report. Due to the improvement of the antennas and power sources,

ICRF injection of 2MW power level was realized with good reproducibility.

Fig. 1 The resonance and cutoff diagram in
the optimum heating regime. The antenna is
located in the toroidal section where plasma

cross section is vertically elongated. In front

of the antenna, there is a region wheve

magnetic field has weak non-uniformity.

Major Radius [m]



In the shots with ICRF power only, a new record stored energy of 240kJ was obtained and

" maximum operational density of 3x10" m™ was attained.
In the highest stored encrgy shot shown in Fig.2, 1ICRF power was added to 5 MW NBI

power. The stored energy was boosted up above 1 MJ by addition of 100 kJ. The shot was

obtained with pellet injection and at the maximum energy the density is around 1x1029 3

indicating that ICRF heating works well at such very high plasma density. In this shot with
pellet injection, He 1ons may be mostly replaced by H ions and, therefore, ICRF heating is

supposed to be working at heavy minority ion heating regime.

2. Long Pulse Operation

In the long pulse experiment, ICRF power sustained the plasma for two minutes. It is a new
record doubling previous one obtained in the 3rd campaign. As shown in Fig.3, operational
plasma density is 0.9x10"m~ and applied power is 0.4MW. Electron and ion
temperatures are same, 1.3keV. The radiation loss was kept to low level facilitating the long
pulse shot. Feed back control of gas puffing was applied for it is important to keep the plasma

density in proper range.
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Fig.2 The highest energy shot. Fig.3 The longest pulse shot.



3, Second Harmonic Heating

ICRF heating was used in high beta experiments added to NBI. With frequency of 38.47 MHz,
the ICRF heating is in the second harmonic heating regime with BT~1.3T. As shown in Fig. 4,

* and electron temperature is about 0.6keV.

operational plasma density is about 4x10"”m"
The stored energy increases by about 50 kJ with the superposition of ICRF. High energy
protons up to 150keV have been observed as measured with diamond FNA detector [7,8].
This shot demonstrates utility of second harmonic heating. Heating efficiency is around 0.5
and it increases with increasing beta value as theories predict. Therefore, this heating regime
will improve its performance in experiments with higher power particularly in use in high

beta experinients.

250 4
E 150 - : g extremely high energy ions, this shot may
W W 1 2 signify favorable high energy particle
Io g confinement. Since second harmonic
heating is known to create t of LHD adding
to the previous results obtained for
. fundamental heating [1].

% g: E . Fig.4 ICRF applied to high beta experiment:
3‘ g: F M The best performance of 2nd harmonic heating is
| —— — .' — _‘:' obtained with BT=1.375T, half the optimum
5 3} ] BT(=2.75T} jor the fundamental heating. The

3 2f 1 second harmonic layer has the same shape as the
R! ; ! !=£ ﬁl | ] fundamental layer shown in Fig. 1.
0 05 um}mj 15 2
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1. Introduction

The infrared (IR) imaging bolometer (IRIB) is a new type of plasma radiation
measurement system, which uses an IR camera [1, 2]. The TRIB uses a foil sandwiched
between two identical masks to absorb the plasma radiation. The increase in the foil
temperature due to the radiation is measured with an IR camera. The key feature of the IRIB
is that using readily available IR imaging technology, a measurement of 2-dimensional spatial
radiation profiles is very easy. Previously two types of IRIB warc tested on the Large Helical
Device (LHD) which are the Segmented Mask Imaging Bolometer (SIB) [3] and the Infrared
Imaging Video Bolometer (IRVB) [4]. In this paper we demonstrate the ability of the IRVB
to display fhe helical structure of the plasma radiation in LHD by comparing an IRVB image
with a corresponding image of CIII light and the structure of the chaotic magnetic field lines

in the ergodic region.

2. IR Bolometer system on LHD

The Large Helical Device(LHD) is a large-scale superconducting heliotron system with
a set of I/m =2/10 helical coils [5]. The data shown in this paper comes from a discharge with
the parameters R, = 3.6 m, B=2.88 T, and n.= 9 x10'""/m>. The IRVB used in this study
provides a 10 x 14 pixel image of the plasma radiation with a sensitivity of 0.5 mW/cm” and
a time resolution of 67 ms [4]. Figure | shows the field of view (FOV) of the IRVB installed
at a tangential port on LHD. The .yellow line indicates the horizontally elongated cross-
section and the red line shows the more distant vertically elongated cross-secﬁon. The light

blue rectangle shows the FOV of the IRVB determined from the pinhole position and size of



the foil. The FOV is slightly blocked by
the vacuum vessel and another
diagnostic shown in black and light blue.
Comparison with the IRVB emissivity
image in Fig. 2 shows plasma radiation
coming from the unblocked portions of

the FOV.,

3. Comparison of edge magnetic

field lines and IRVB data Figure 1 CAD drawing of field of view(inside blue
. o line} of IRVB at tangential port on LHD.

In the absence of heavy impurities
the radiation profiles should be hollow and the bulk of the radiated power should come
carbon radiating from the ergodic region of the plasma outside the last closed flux surface.
Figure 3 shows the field line calculation as viewed from the tangential port on LHD [6]. Each
blue point indicates a field line launched in the region just outside the last closed magnetic

surface (p = 1). Therefore brighter blue regions indicate regions where the IRVB has a more
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tangential view of the edge chaotic
region and should correspond to
arcas of more intense radiation.
However the effects of solid angle
are not included in the calculation,
therefore the portions of the plasma
which are far from the detector and
would radiate less brightly are given
the same weight as those near the
detector that radiate more strongly.
But Fig.3 very clearly shows the
helical structure of the chaotic edge

region as viewed by the IRVB,

Figure 3 Magnetic field lines (light blue} in the ergodic
region (with IRVE field of view indicated by dark blue

line) .

Comparison between the IRVB data and these magnetic field lines shows the strong

helical structure of the plasma radiation predicted by the magnetic structure. In particular the

broad radiative structure observed in the lower portion of the field of view (indicated by A} is

very bright partly due to the fact that it lies in the near field of the IRVB. The bright region

in the upper portion of the IRVB image corresponds to the location where two dense regions

in the magnetic field line calculation overlap as indicated by point B. The structure seen in

the center of the field of view in Fig. 3 (indicated by C) is not so clear in the IRVB image in

Fig. 2, which may be understood by
comparison with the image from a
CCD camera filtered for CIII

radiation.

4. Comparison of the imaging
bolometer data and the CIII
radiation image

A simultaneous image from a

CCD camera using a CIII filter and

having nearly the same view of the

Figure 4 Image of Cll radiation from tangentially

viewing CCD camera at ¢
20744.

0.99 s for LHD shot #



plasma is shown in Fig. 4. Since carbon is the main impurity and mainly radiates from the
edge, it should give an image similar to that of the IRVB. Comparison of the images shown
in Figs. 2 and 4 show very similar features. The structures indicated by A and B are both
clearly seen in both images. However the structure indicated by C is not so clear in the
bolometer image as was mentioned above. This may be due to the thinness of the structure

and the relatively poor spatial resolution of the IRVB compared to the CCD camera.

5. Summary

Good qualitative agreement is observed in the comparison of the bolometric image with
a corresponding image from a CCD camera filtered for ClII light and with the magnetic field
lines of the chaotic edge region outside of the last closed magnetic surface. This demonstrates
that the IRVB can clearly show a two-dimensional image of the three-dimensional helical
structure of the radiation from LHD. The next step in this research and development
program is to carefully calibrate, install and bring into operation two additional imaging
bolometers at upper and lower ports viewing the same plasma volume as that seen with the
tangential IRVB. The data from these three imaging bolometers will then be used to attempt

the first three-dimensional tomography of plasma radiation. -
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1. Introduction

In a magnetized plasma the Faraday rotation angle, «, in radians is given in SI units by

a=2.62x10" 2" n,B,dl

where A is the wavelength of the probing beam, r. is the electron density, B is the magnetic
strength parallel to the probing beam axis. While polarimeters were originally developed for
magnetic strength measurements, in recent years polarimeters for density monitor were
proposed and demonstrated [1, 2] because of its several advantages over intereferometers. The
mechanical vibrations principally less affect polarimeters, so that it is suited for long-pulsed
operation. In addition, by selecting CO; laser it is possible to suppress the refraction of the
probing beam and to avoid “fringe jump” errors even in the high density plasma with a simple
optical setup. Hence CO, laser polarimeter is a robust and promising electron density
measurement method. Furthermore we aim at the polarimeter not only to monitor an electron
density but also to measure the density profile. For these purposes we developed a tangential
3-channel CO, laser polanmeter based on the polarization rotation method using
frequency-shifi heterodyne technique [3].
2. Optical layout

Figure 1 shows the illustration of the optical setup of the polarimeter on the Large
Helical Device (LHD). The laser beam is split into two and they are modulated by two
acousto-optics modulators (AOMs) at different drive frequencies. As a result they have a
modulated frequency difference of 90 kHz. A half-wave plate in the one of beam path make
the two beams perpendicularly to each other and then they are re-combined. Then a
quarter-wave plate makes the orthogonal beams counter-rotating circularly polarized ones. As

illustrated in Fig. 1 the combined beam becomes linearly polarized beam rotating at a half of
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Fig. 1: Schematic of the optical setup and polarimetric method. Probing beam is split into three
by beam splitters and the one of three channels is shown in optical table 2.

the modulated frequency difference. The probing beam is split into three by beam splitters on
Optical Table 2. They are injected into the LHD plasma tangentially and return with vertical
displacements around 40 mm with retro-reflectors installed inside the vacuum vessel. The
beat frequency of detected signals is 90 kHz and the rotation angle by the plasma is measured
as the phase difference between reference and probing signals. Since the magnetic strength
can be computed accurately at least in the case of low 3 operation of helical devices such as
LHD, we can evaluate the electron density from the Faraday rotation angle.
3. Experimental results

To extract the phase difference with a high angle resolution we adopted the digital
complex demodulation [2] combined with digital band-pass filtering. Therefore the time
response depends on the band-width, Af. Figure 2 shows the Faraday rotation angle resclution
that is defined as the standard deviation of the 2-s long phase difference signal without plasma
as a function of the response time. The resolution of the Faraday rotation angle was 0.01 deg. ,
which corresponds to 5.0 x 10'" m™ at B =3 T with a response time of 3 ms was achieved.
The SN ratio of the phase difference signal mainly depends on noises at low frequencies
lower than 500 Hz. We presume that small movement of the detector against the laser beam
by mechanical vibrations caused such phase noises because it is difficult to align the
counter-rotating circularly polarized beams completely collinearly along all the beam path,
whose length is about 30 m. Although mechanical vibrations do not affect the polarimeter

seriously like an interferometer, the reduction of vibrations would work well for better
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Fig. 2: The Faraday rotation angle as a function Fig. 3: Comparison with the calculated rotation
of the response time determined by the angle using the density profile by the
band-width of the digital filter Af Able inversion of the FIR

interferometer data

resolution. The base line of the rotation angle fluctuates with amplitudes up to 0.05 deg. in
several seconds and this is a problem in the case of the low density plasma. We speculate that
the incompleteness of the beam alignment also leads to the fluctuations.

The elliplization of circularly polarized beams due to the Cotton-Mouton effect and the
incompletely polarization-insensitive characteristics of optical components break the linecarity
between the Faraday rotation angle and the measured phase difference. The Cotton-Mouton
ctfect along the beam path is negligibly small, so that we did calibration by adding a half-wave
plate in front of polarizers to simulate the Faraday rotation.

To evaluate the accuracy of measured Faraday rotation angle, we compared it with the
calculated one using the density profile from the 13-ch FIR interfcrometer data and the
magnetic strength whose the P value is close to the one from diamagnetic measurement (Fig.
3). Since the tangent radius of cach channel was calculated from the manually measured
length between the probing beam and weight hanged from the upper port whose coordinate
was known, 1t contains errors. The constructional crror is about a few centimeters, so that we
assumed the error of the tangent radius is £3cm and computed the rotation angle within error
bars. As a result, the rotation angle of each channel was found to be consistent with the
interferometer data. The rcason why the error bars of ch 3 is larger than other ones is that the
probing beam of ch 3 passes the region where the path length in the plasma sharply declines
against the tangent radius of the probing beam because of the helical shape of the LHD
plasma.

Even in the case of pellet injected plasmas, where FIR interferometers often suffer
from fringe jumps, it was demonstrated that the polarimeter could measure the time evolution

of the Faraday rotation successfully as shown in Fig. 4. The rapid change in the Faraday



~ 4 LT ' ' 2 ' ] '#2'122'9

= N # 21229 i

o | 'y . t=0.75

E "“\' ‘l‘ """ B ch 1 s

< 31 N 1 ¢ch 24 .

c ; \ P + o B 7

< N 1 €

S Qo 10

Q2 2 © 10t i

® x

4 ~—

[=] ©

v s c

& 1

- Polar.

8 —o— Inter. (inner}

e : —=— Inter. (outer)
U . " 1 i 1 e 1 1 2 1,
0 1 2 - 0 02 04 p0.6 0.8 1

Time (s)
Fig. 4: The measured Faraday rotation Fig. 5: The density profile estimated from
angle of a pellet injected plasma the Faraday rotation angle

rotation angle could be measured with enough resolution and reliability. Figure 5 shows the
electron density profile after the pellet injection in the shot of Fig. 4 estimated from the
polarimeter data. Here, we used the P value, which affects the rotation angle, from

diamagnetic measurement and calculated iteratively assuming the profile is parameterized as:
n(p)=a(p’ = pac)+b(p’ — Pyc)
where p is the normalized magnetic flux radius and p,. is the plasma boundary radius.

Open marks and closed marks are result of the Abel inversion of the FIR interferometer inner
and outer channel data that is corrected the fringe jump error manually. The profile from the
polarimeter is almost consistent with the FIR interferometer. This result. substantiates
polarimeters have the feasibility of the electron density profile measurements.
4. Conclusions

The reliability of a CO, laser polarimeter was demonstrated even during the pellet
injected plasma operation and an angle resolution of 0.01 deg. with a response time of 3 ms
was achieved. Considering errors in the tangent radius, all the channels were consistent with
the FIR interferometer. We estimated the density profile after pellet injection from the
polarimeter data and it was consistent with the density profile from the interferometer data,
which fringe jump error was corrected.
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Introduction

Impurity control is one of the important issues for realizing a fusion reactor. While many
experiments on impurity transport have been performed in tokamaks and stellarators with
short pulse discharges, few experiments have been done with long pulse discharges, in
particular, on stellarators. Therefore, impurity behavior was investigated in long pulse
discharges on LHD, which is a superconducting large helical device. In a vanety of long pulse
discharges [1-4], we found that metal impurity accumulation was observed in only hydrogen
discharges in a narrow density window of around 2 x 10" m”. Spectroscopic and soft x-ray
mieasurements show an increase of radiation from metal impurities (mainly iron). A
significant increase of core radiation was observed in radiation profiles from bolometry
measurements. In this paper, the impurity behavior in NBI heated long pulse discharges will
be reported and the density dependence will be discussed with neoclassical impurity transport
in the core plasma.
Impurity behavior in long pulse discharges

Figure 1 shows a typical long pulse discharge with impurity accumulation and pump-out.
A remarkable increase of central radiation (r = 0} is observed despite of almost constant

radiation level at the peripheral region (r = (.945)

: : N 04 R=368m B=275T SHOT 17093 2

in the first hall period of the discharge. Then the g o3 }__/\‘ @, =
central radiation decreases gradually with time  2* o) :;7 __ 1 P.a.l\ 11 _‘Zgj
during the constant gas puffing. Clear evidence of T o% — ® 3
impurity accumulation was observed in a peaked Ezu % = T o g) ) ? g
profile of radiated power density. Spectroscopic ; 5 : : — % ;
and soft x-ray measurements indicate that the é :z —~ :Z g?;
main metaltic impurity is iron, which is an ” ° 0= 0oe o 2
element of the plasma wall material. In the high- E o e “ " §
density region (7, >3x10"m™), the central 3 MW .-
radiation decreases despite of the density increase ° T (@] Zf, A
and the radiation profile tends to retumn to a a% ] ’ Mﬂ.’“ 110 2
hollow one. This implies that the metallic o2 4 s s w w

Time (3)
impurities accumulated in the core region are Fig. I A rypical long pulse discharge with

pumped out in the high-density region. impurity accumulation and pump-out,

The accumulation behavior was also observed



in long pulse discharges keeping the plasma density
constant. Figure 2 shows the time evolutions of
central radiated power density and the most
prominent metallic emission (FeXXIIl), which
originates from the central region of the plasma, for
the discharges with different plasma densities.
Remarkable temporal increases of the central
radiation and the iron line emission were found for
only the discharge with 7, =2.7%10"m™. Strong
core radiation was also observed.

Assuming that the corona equilibrium can be
used for high-Z ions (Fe) in the plasma core, the
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Fig. 2 Time evolutions of (a) central
radiation and (b) FeXXHI emission for the
discharges with constant densities.

total impurity density was estimated from the radiation emissivity O, =n.n,L,(7,), where

n, is the total density of impurities and L,(7,) is the so-called cooling rate. Figure 3 shows

the time evolution of central iron density obtained from the radiation emissivity (r = 0),

together with a metailic impurity line emission (FeXVI) viewed along the central chord of the

plasma. To estimate the radial profile of iron density, we investigated the intensity of the

FeXV1 emission using the profiles of electron
temperature and density, coupled with the
impurity transport code (MIST). The central
concentration of iron is given by the iron density
in Fig. 3(b). The radial profile of total impurity
density and the charge state distribution can be
calculated by giving the diffusivity and the
convection velocity of impurities in the MIST
code. In the initial stage of the discharge, the
profile of iron density is supposed to be
approximately flat. Therefore, we fixed a flat
profile of iron density at t = 1.5 s and determined
the density profiles at t = 5 and 7.3 s so that the
FeXVI emission satisfied the ratio of the intensity
measured at each time. Figure 4 shows the radial
profiles of iron density at different times of the
discharge. A remarkable peaked profile of iron
density is observed at t = 5 s and the profile
returns to a flat one at t = 7.3 s. This implies that
the metallic impuritics are accumulated in the
density rtange of 7, =1~25%x10"m> and
pumped out in the higher density region.
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Fig. 3 Time evolutions of central iron den-
sity and the Fe XVI emission originating from
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Neoclassical analysis of impurity transport
The radial impurity flux was investigated for various collisionality regimes. For the case
of low collisionality (low density and high temperature), the impurity flux is given by [5]

r;=—Ds”f(”;'/”;—Z;E.-/ﬂ"'aﬂ’”}) . (N

where D, and E, is the diffusivity and the radial electric field, respectively, and o is a
collisionality dependent factor. 1f the impurities are in a regime of 1/v or collisionless
detrapping, the flux is dominated by the term due to the electric field, in particular, for high-Z
impurities. The formation of £, is determined from an ambipolarity condition for the radial
fluxes of electrons, ions and impurities. If the clectron flux is the dominant flux in a very low
collisionality regime, the ambipolar electric field becomes positive (electron root). In this case,
the impurity flux tends to go outward. When the collisionality increases, the 1on flux becomes
dominant and the electric field turns to be negative (ion root). Then the impurity flux tends to
go inward. For the case where the impurities are in the plateau regime and the ions in the

banana regime, the impurity flux is given by
I',==D,.n(n, in +3T /12T, - Z,n,/n,- 3Z,T//2T) )

based on neoclassical transport for axisymmetric devices [6]. For high-Z impurities, the flux
is dominated by the last two terms, which drive the impuritics inward because #) and 7, are
generally negative. When the plasma density increases, the impurities enter in the Pfirsch-
schliiter regime with high collisionality. If only the interaction of heavy impurities with the

background ions is important, the impurity flux is written as
I, ==Dysn,(nj/n, =T/ 12T, = Z,nj/n,+ Z,T/12T) (3)

In this regime, the last two terms also dominate the impurity behavior. The density term is
directed towards the plasma axis and is responsible for peaking of the impurity density. The
temperature term 1s of the opposite sign and prevents such a peaking, i.e. is responsible for the
so-called ‘temperature screening’. In LHD, since the density profile is flat or hollow in the
discharges with gas puffing and the temperature profile is nearly parabolic, the impurity flux
tends to go outward in the plasma core and it leads to a flat profile of the impurity density.

By taking into account the various impurity transport regimes described above, one can
see the impurity behavior in a n-T diagram as shown in Fig. 5, where the plasmas with
impurity accumulation (closed circles) arc distinguished from those without accumulation and
with pump-out (squares). The solid line represents the transition between the plateau regime
and the Pfirsch-schliiter regime for iron impurity. This. boundary is calculated in consideration
of the collision with light impurities (C, O}, whose concentrations are determined so that Z,;
has the value of about 2.5 obtained in the experiments on LHD. The broken line represents the
transttion between the electron root and the ion root for background plasma. This indicates a
critical point of the specific space where the plasma has multiple solutions for the ambipolar

electric field. The point was calculated by an analytical model [7] with the typical profiles of



temperature and density measured in long pulse

discharges at p = 0.2. On the whole, the impurity ‘ A '5,'

behavior obtained in long pulse discharges is 51 ! i-root

qualitatively in agreement with the neoclassical < ,' 0 Plateau regime

impurity transport. In the low density and high % 5| .’@ %. 'Y

temperature region, the high-Z impurities may be S,, | \ =]

expelled by the positive electric field or diffused N e

out because of nearly zero electric field. As & PS regime

indicated in Fig. 3, it is not so easy to obtain the o

electron root in the plasma core, but it is possible 6 1 2 3 4 5 6 7
n, (0) {10”°m")

to obtain in the peripheral region = [8].

Furthermore, small positive electric fields were  Fig. 5 A n-T diagram for impurity behavior
in long pulse discharges. The closed circles
indicate the plusmas with impurity accu-
near the transition to electron root [8]. The mulation and the open squares indicate the

. . . . plasmas without accumulation. The squares
boundary of impurity accumulation in the low  with a cross indicate the plasmas with pump-

out or without aceunulation.

observed even in the density range of 1on root

collisionality regime may be shifted to higher
collisionality regime. In the intermediate regime with negative electric field (ion root), the
high-Z impurities are accumulated in the central plasma due to the electric field in the 1/v
regime or the temperature gradient in the plateau regime. When the impuritics enter in the PS
regime, the accumulated impuritics are pumped out by the dominant contribution of the
temperature gradient term on account of the flat density profile and the parabolic temperature
profile. If the plasma density is raised up quickly, impurity accumulation does not occur
because of the temperature screening effect in the PS regime. ‘
Conclusions :

Accumulation behavior of high-Z impurities has been observed in NBI heated long pulse
discharges with constant density on LHD. The intrinsic metallic impurities (mainly iron) were
accumulated in a specific range of the operational plasma density. For density ramp-up
discharges, impurity accumulation and pump-out were observed during the discharge and a
clear density window for accumulation was found. Neoclassical analysis shows that the radial
impurity flux is dominated by the convection component, which changes the sign (inward or
outward) for different transport regimes. The observed impurity behavior is in qualitative
agreement with the neoclassical impurity transport.
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MEASUREMENT OF SHAFRANOV SHIFT WITH SOFT X-RAY CCD CAMERA
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The major radius of the plasma magnetic axis was derived from the two-dimensional profile
of x-ray intensity measured with soft x-ray CCD camera in Large Helical Device (LHD). The
measured Shafranov shift increases linearly up to 28¢m, which is 47% of minor radius of LHD as
the averaged beta <fu.> (measured with diamagnetic loop) is increased up to 2.6%. The
Shafranov shifi measured in plasmas with vacuum magnetic axis R.x'=3.75m are larger than
those in plasmas with Ry'=3.5m in LHD where the <By;,> less than 1.5% as predicted by VMEC
calculation based on measured <PBe,>.

LHD is Heliotron type device, which has superconducting coil with poloidal and toroidal
period numbers of //m=2/10, and the major and minor radii of R/a=3.9m/0.6m [1]. The various
heating methods, electron cyclotron heating (ECH), neutral beam injection (NBI), and ion
cyclotron resonance heating (ICRH) are available in LHD experniments. Five gyrotrons with the
frequency of 82.6GHz (2) and 168GHz (3) are used for plasma production and electron heating,
and the main heating devices for LHD plasmas are two NBI injectors with beam energy of
130-150keV.

The x-ray imaging system with sofi x-ray back-illumination CCD detector sensitive to the
energy range of 1keV to 10keV has been applied to measure magnetic axis in LHD [2]. Although
the time resolution determined by mechanical shutter is poor (0.25s), the system has good spatial
resolution (1024x512 pixels in image area). By choosing appropniate combinations of size of
.pinholes and thickness of Be filters, the x-ray image can be measured for the plasmas in the wide
range of electron temperature and density. Since the total x-ray emission is considered to be
constant on the magnetic-flux surface, the x-ray image represents the magnetic-flux surface. The
Shafranov shifi of the plasma magnetic axis is derived from x-ray image measured with soft x-ray
CCD camera [3].

The inversion of integrated x-ray intensity along the line of sight to the local x-ray emission
1s not possible, without the equilibnum calculation based on the measured pressure profile,
because the inversion needs the shape of magnetic flux surface. The x-ray emission are integrated

by using the database of magnetic flux surface which has been calculated for vartous pressure



profiles in LHD, using the three-dimensional free boundary equilibrium code VMEC [4]. The

major radius of magnetic axis, Ra, is derived by choosing the magnetic flux surface from

databases, which is consistent with the two-dimensional x-ray profile measured [3].

(4)

Fig. 1 (a) (b) Images and (¢} (d} contour plots of Soft x-ray
intensity measured with soft x-ray CCD camera with 190um
and 100um Be filter, respectively. (e} (f) The best fit contour
plots calculated with VMEC code (R4,=3.603 and 3.846m).
(2Xh) The horizontal cross-section profiles and (i) (j)

normalized x-ray emission profiles.

Figure 1 (a) and (b) show the
soft x-ray images measured with
soft x-ray CCD camera for a low
plasma (Ry'= 3.6 m; B, = 2.65 T;
<ng> = 1.4x10"" m™) and for a high
B plasma (R = 3.6.m; B, = 0.75
T, <n> = 49x10"” m?),
respectively, in LHD. The low
B plasma is sustained by ICRH
while the high B plasma is heated
by NBI. The steep gradients of the
x-ray intensity at the left-hand side
and lower right-hand side are due
to the shadows of inner wall and
outer wall, respectively, which give
excellent references for the position
The clear outward shift of the peak
of soft x-ray intensity is observed
in the plasma with high B. The
Shafranov shift of the plasma
magnetic axis is derived by
choosing the magnetic flux surface,
which gives the best fit to the soft

x-ray intensity measured. Fig.1 (c)

and (d) show the contour plots of soft x-ray images measured with soft x-ray CCD camera. The

magnetic axis of best fit contour plot of soft x-ray image is 3.603m for low beta plasma and

3.846m for high beta plasma. Figure 1 (g) and (h) show a good agreement in the radial profile of

x-ray intensity at Z=0 between the best fit of x-ray intensity (solid line) and measured one (cross

point). The nonmalized soft x-ray emission profile for the best fit for low beta plasma is more

peaked than that for high beta plasmas.



Figure 2 shows the Shafranov shift measured with soft x-ray CCD camera as a function of

averaged-beta <By,> measured with diamagnetic loop. The accuracy determining the major
400

radius of magnetic axis depends on

the radial profile of soft x-ray

a60 | intensity, and is typically few mm

E and 10mm for the plasma with
% _ peaked and flat profile of soft x-ray
é 200 intensity, respectively. The
-E measured Shafranov shift increases
& 100 F-oo linearly as the averaged beta <Py,>

is increased up to 2.6%. The
Shafranov shift calculated with

VMEC code for different plasma

<p > (%) pressure profiles of al=2, 8 and
Fig. 2 The Shafranov shift as a function of the averaged-$ 0o2=2, 8, where the plasma pressure

<Byy> for the plasmas with R,'=3.6m. The horizontal pI'OﬁlC is sxmpllﬁed as PZPO(I_p(ll)

elongated magnetic flux surfaces are plotted for high  plasma (l-p‘ﬂ). Here p is normalized

#nd vacuum condition, espectively. averaged minor radius, For the high
beta discharge with low magnetic field of 0.5T, the Shafranov shift increases up to 28cm (47% of
minor radius), and approaching to the calculation with more flat profile as indicated in the
magnetic flux surface in Fig,. 2.

The Shafranov shift of magnetic axis due to the Pfirsch-Schliiter current for the low B limit

can be expressed as

aAiBn j’al,o(p)d
) o up)

where B is the central B, A, is the aspect ratio, 1(p} is the rotational transform, and 8, is Fourier

Az

4

component of 1/B as

1 1

o (1 + ; 3, . (p)cos(mB —nl) ]

with m (n) and 0 ({) being the poloidal (toroidal) mode number and angels, respectively [5, 6].

The Pfirsch-Schliiter current is genérated by (m,n)=(1,0) component of magnetic filed. Figure 3

shows radial profiles of 8o/ for plasmas with a finite <Bg,> of 0.5% and different vacuum



magnetic axes of 3.5 and 3.75m, respectively, in LHD. The value of 8 represent the magnitude

of toroidal effect (8,9 ~2¢, in tokamak plasma). The toroidal effect can be reduced by a large

inward shift (AR) of magnetic axis from the helical coil center (Rei=3.9m), because the high

harmonics of Fourier component of magnetic field, (m, n)=(3, 10), can be large enough to cancel

the toroidal effect in some extend.

0.4

03} ®,

n

0.0

02}

01}

Fig. 3 Radial profiles of & gy1. for plasmas
with different shift AR of vacium magnetic
axes of —0.15m (solid) and —0.4m (dashed),
where AR=(R, 'R} and Re=3.9m.
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Fig. 4 The Shafranov shift measured with soft x-ray

CCD camera as a function of the averaged-B <P
for the plasmas with R, '=3.75m {(circle) and
R..=3.5m (square), respectively. The Shﬁfranov
shifts calculated with VMEC code are also plotted
for R =3.75m (Solid line) and 3.5m (dashed).

Figure 4 shows the Shafranov shift
measured with a sofi x-ray CCD camera as a
function of averaged beta for R,'=3.5m and
3.75m in LHD. The electron densities in these
discharges are larger than 2x10"°m>. The
Shafranov shifts measured with soft x-ray
CCD camera show that the shift of magnetic
axis in the plasma with Ry =3.75m is larger
than those wmeasured in plasmas with
Ra'=3.5m in a range of <Bg,> <1.5%. The
Shafranov shift measured with CCD camera
agrees with that calculated using VMEC code
with reasonable pressure profile both for the
plasmas with Ry'=3.5m and 3.75m.
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EFFECTIVE CHARGE DEPENDENCE OF CONFINEMENT
IMPROVEMENT FACTOR IN LHD
J. Miyazawa, H. Yamada, S. Morita, K. Tanaka, S. Sakakibara, M. Osakabe, Y. Xu,
B.J. Peterson, S. Murakami, K. Narihara, H. Funaba, M. Goto, Q. Kaneko,
K. Kawahata, A. Komori, N. Ohyabu, and LHD experimental Group
National Institute for Fusion Science, Oroshi-cho 322-6, Toki, Gifu 509-5292, Japan

The Large Helical Device (LHD) experiment has demonstrated an energy confinement
time exceeding the conventional energy confinement scaling such as the international
stellarator scaling 95 (ISS95) with the improvement factor Figses of 1.620.2 in an average [1],

15595 15895 ¢

where Fissos = G0 /T , T is the experimental energy confinement time, and 7 )

that expected from the international stellerator scaling 95 (15SS95) as follows [2];

TEISS‘)S — 0.07902.2lRU.bSP—()AS‘)neO.SIBO.SB{ 2/30.4, (l)

with energy confinement time, 7, in s, absorbed heating power, P, in MW, line-averaged
electron density, n., in 10" m'3, volume averaged magnetic field strength, B, in T, and 4553 1s
the normalized rotational transform (2 = 1/(2n) = /g ; ¢ is the safety factor) at the two-thirds
radius, The scatter of Figsgs suggeéts a hidden parameter dependence of confinement, although
it still has the gyro-Bohm property. Considering simple two-component plasmas that contain
clectrons and ions of charge Z, the confinement property is a function of the ion gyro radius p,
as long as the gyro-Bohm model is applicable to these plasmas. As for three-component
plasmas that contain electrons and two kinds of ions, the effective charge, Z.4, and an
effective mass, Aesr, give the averaged ion gyro radius. At this point, usual scalings do not
include Z.y distributing from 1 to 6 in LHD plasmas. In this paper, we compare the
experimental results of LHD and the

gyro-Bohm model with/without considering 1

1 IIIII\I1 T T T 713

Z.y and A.q to show the importance of them in

T T OTaT

| I |

15895
T

the confinement scaling. €

The picture of the gyro-Bohm model

Y

oo
gives a thermal diffusivity g in proportionto & g1 ' N .

* o, . L ' E - O E
@ p’ (where o is the drift frequency) [3]. e - '. \ ]
Then the energy confinement time predicted I 1:EGB |
by this model rEGB ~a2/,1f scales as below; - .

1 ] i1 IIIII 1 |
rEGB = Cya 24p 0'6BO'SP'O'6neo'6. 2) (;)_0(}.01 o 1
. . GB _ ISS95
Note that the indices (of a, R, B, P, and ».) in T T,
Eq. (2) are almost identical to that of 1SS95 Fig. 1. Comparison of 7% and 5%
scaling in Eq. (1), except for the 23 term. An (blue open circles), % > and %

adjustment factor C, is determined by the (black closed circles).



experimental data to give the ratio Fgg = rEEXP /58 = 1, Here, Cy = 0.105 and Fgg =
1.00+0.16 are obtained. Comparison of =% with %" (or, %~ ) is depicted in Fig, 1. The
scatter of Fgp is almost the same as that of Fisges (= 1.4430.21, in this data set). The data set
used here consists of 359 data points extracted from 32 shots of hydrogen or helium gas-puff
discharges heated by the neutral beam (NB) injection only. The magnetic configuration is
fixed to R,x = 3.6 m (R, is the vacuum magnetic axis), and in consequence, R ~ 3.69 m, a ~
0.63 m, and + ;3 ~ 0.64 are almost unchanged. Each data point is extracted according to some
criteria, i.e. the ratio of |[dW,/d/| to P (= Pxg), where W, is the plasma stored energy and Pyg is
the NB heating power, is lower than 3% and therefore negligible, the changing rate of electron
density (n./(dne/dr)) is less than 1 s, and n, > 1x10' m™. Meanwhile, the gyro-Bohm mode!
in Eq. (2) is incomplete since it does not include the terms of Z.x and A.s. Another energy
confinement time "~ predicted by the gyro-Bohm model consisting of Z.; dependence is
given as below;

TEGBZ o< g 2.4R U.GBU:SP—O.GHCO.GA -0'2(Z4+3Z3+322+Z)0'2,
= Fp1:°%, (3)

where Fy = CLA N Z+32°+32°+2)°? and if Eq. (2) is valid in pure hydrogen plasmas, C; =
82 Non-linear term of Z comes from a relation Pm"2% o (1 + 1/Z)n.Ta*R used to obtain Eq.
(3). If this model well describes LHD plasmas (%™ = :°°%), Fgg will be equivalent to Fy
and have a strong dependence on Z.

A correlation study of Fep is carried out with various plasma parameters to find out the
hidden parameter dependence. The typical ten global parameters are examined, i.e. B, Pus,
Zewr, ne and its peaking factor n./n. (neo is the electron density at the plasma center), the
electron temperature T (at the plasma center) and 7e_yeq (at the pedestal around p = r/a ~ 0.9),
the peaking factor of the electron temperature 7T.o/T:_pcd, the radiation loss Prag and its ratio to '
the heating power P,qa/Pngs. Table 1 is a list of correlation coefficients R, obtained in the full

data set consisting of 359 data points and Table 1. Correlation coeflicients R, between

ten global plasma parameters and Fgg in the
full and the partial data sets.

the partial data set consisting of 86 data
points (see below about the partial data

set). The largest R of 0.84 is obtained

Parameter full artial
between Z.q and Fgp, as depicted in Fig. Zer Rcé‘84) Re %).60 )
2(a). The second (third) candidate is T Teo 0.77 0.12
(n¢) that has R, of 0.77 (0.56) (see Figs. T”e gig g%g

e_ped . .
2(b) and (c)). Other parameters have low Teo/ Tepet 0.40 015
R, less than 0.5, and therefore these are B 0.30 031
less influential. One should be careful to Pyxp-dW,/dt 0.14 0.14
note tha'l Teo mig‘r}t depend on ne'when P"“d/(P}gerp/dr) g(l); ggj
the heating power is fixed, and Z g 1s also R/ P 0.01 0.01
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Fig. 2. Linear correlations between (a} Z.x and Fgg, (b) Teo and Fgg, (¢) 7. and Fgp.

Closed and open circles denote the full data set of 359 points and the partial data set of

86 points, respectively. The correlation coefficient R; in the full (partial) data set is

indicated on the top (bottom) of each figure together with the best-fit curve of solid

(broken) line.
dependent on n. if the impurity influx is constant. In this data set, Z.;r weakly correlates with
n. as shown in Fig. 3(a), where Z.x tends to become smaller in the high-density region. This
suggests that the influx of impurities is limited and the purity increases in the high-density
range where plenty of fuelling gas is puffed. Nevertheless, R between ne and Zeg (or, 7o) 18
as small as 0.45 (0.31), and therefore negligible. On the other hand, the correlation between
Zewr and T is not negligible (R. = 0.72, Fig. 3(c)). It is possible to eliminate this dependence
by limiting the boundary of the data set as | < n. (10"°m™) < 2.5, 3 < Z.x < 5, and Pyg (MW)
< 2. Open circles in Figs. 2 and 3 denote the partial data set obtained after this limitation.
Then Z.g and Ty are completely decorrelated (R. = 0.11). Returning to Fig. 2(b), it can be
seen that the correlation between T and Fgg disappears (Rc = 0.12) in the partial data set,
while the strong correlation of R, = 0.60 still exists between Z.y and Fgg. Correlations
between Fgp and other eight plasma parameters become weaker after the limitation and the
correlation coefficients of them are less than 0.31 (see Table 1).

According to these results, Z.y has the largest influence on Fgg and therefore the

regression analysis considering Z.i together with P, n., B will give a strong dependence of the

@ (b) | ©

T T T M T M T T T 4 T
— 024 - - 076

, | T 1m0 (R =031 , T =0.482 ™ (R =0.72)

5 =
5 2 2
N X x
g 1 2 1
- -
[ _ (XL

T =1.450 2 (R =022) T 1182, (R=0.11)

0 il S TG B 0 1 ; | L 1

Q 2 4 G 8 2 4 6

n. (10°m”) .
Fig. 3. Lincar correlations between (a) 7. and Z.g, (b) #. and T, (¢} Zesr and Teo. Closed
and open circles denote the full data set of 359 points and the partial data set of 86
points, respectively. The correlation coefficient R; in the full (partial) data set is

indicated on the top (bottom) of each figure.



data set on Z.. In our data set, all correlations between any two of P, n., B and Z.g are less

than 0.5 and therefore these parameters are independent. The result of regression analysis is;

~0. . 5410 9140, 5530
ﬁEFIT =0.041P 0.70X) Olne(]S OZB(] 91+0022eﬁ_0 55+002' (4)

A strong dependence on Z.x appears as expected and all indices are almost the same as Eq. (3).
Therefore, 7:°%2 can be a nice model to describe rEEXP, and Fgg will have the same
dependence on Zgy and A.x as Fz. To examine this, A.r is uniquely determined from Zegy
assuming three-componenf plasmas with the majority ions of 4 = 2.5 and Z = 1.67 (since the
data set consists of hydrogen and helium discharges), and impurity ions of 4 =15 and Z= 7.

Exponential fit of Fp with a parameter (Zo'+3Zen’ +3Zew’ +Zen)/ Aenr then gives
Fop = 0.82((Zeff+3Ze +3 Zoi + Zeg)/ Ae) 2000, (5)

with a large correlation coefficient of 0.83. The exponent is exactly equal to that of £z,
assuring the validity of Eq. (3). Therefore, a better prediction of %5 can be given by 7Bt =
F7 %%, which consists of the Z.y dependence. Substituting Eq. (5) for F7 in Eq. (3) (G
0.42), we finally obtain

%% = 0.0440 R "BO PO n A N Zew 3L’ 3 Zen’ + Ze) . (6)

In Fig. 5, compared are the distributions of %™ /%% (= 1.03£0.09), %" /%" (= Fep =
1.00£0.16) and #7F/ 5% (= Fissos = 1.4410.21). The scatter of the prediction has been
almost halved by this revision. The standard
deviation of Z'EEXP/ %52 is 8.8% and much
smaller than that of Fgg (15.9%) or Fissos
{(14.4%). These results indicate the

importance of Z.;s on the confinement
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In conclusion, it is possible to increase

number of samples
[®)
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the accuracy of an energy confinement

—
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scaling of high-temperature plasmas, which v 1
can be well described by the gyro-Bohm 0 0.5 1 15 5

model, after introducing the Z.4 terms. This EXP It GBZ (/GB/IS595)

E E

T
comes from a simple assumption that the

energy confinement is a function of the Fig. 4. Distributions of %™ /%" (red
solid line), %X/ %"® (blue broken line),

averaged ion gyro radius determined by Z.g. and 75X 71555 (black broken line)
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1. Introduction

In the Large Helical Device a slow oscillation of plasma parameters known as
‘breathing’ plasma has been observed [1] which limited the density [2] and has been linked to
the transport in and out of the plasma of iron impurities [3]. Modelling of the sputtering of
the stainless steel from the divertor plates during this oscillation using the electron
temperature at the divertor shows the core iron density starts to increase 20 — 60 ms after the
initiation of sputtering. This indicates that the stainless steel from the divertor may be a
periodic source of the iron impurity [3]. Several theoretical models have been suggested to
explain this phenomenon [4-6], however none of them fully address the changes in transport
observed during this oscillation. In this paper the evidence for the changes in transport is
described and the source of this change in transport and the role that this might be playing in
the oscillation are discussed.
2. Observations of changing transport

Changes in transport manifest themselves in two different ways during the ‘breathing’
oscillation. The first of these is a variation of its frequency during the oscillation. The second
is a modification of the electron and iron density profiles during the oscillation. The variation
of the frequency can be seen most clearly in Fig. 1(a) in the comparison of the iron density
calculated in Ref. [3] with local measurements of electron density, temperature, and radiation
emissivity using an average-ion, corona-equilibrium model (ADPAK) for the iron cooling

rate and that modeled using the MIST impurity transport code [7]. In this modeling the



MIST code is operated in time dependent mode 12
n,(10"/m") r

and the sputtered iron is treated as a series of

iron impurity injections with the amount of "; g'i o |
injected material being modulated by the E ,.\“H;:(a.u. MIST) :
calculated sputtering yield shown in Fig. 1(c). gg  va-04 .n“(mnlmJADPAK) ; ' -
The MIST model uses a flat diffusion coeflicient 25f ® '

profile with a value of D = 0.15 m’/s going to

zero at the edge and a flat convection velocity

S, s (KW/m’)
h

1
I
1
10F 1 I 3
| I
profile v =0 m/s. The comparison is qualitative g a4 | 1
- 1, 1
in that the amplitude and offset are arbitrarily E is © : ! }
adjusted to match the ADPAK result to take into ;51"" 10 offt sputieringon
account the residual iron content and the < 5 '
. L
effective area of the sputtered divertor plate, 35 ¢
=
both of which are not know. Comparing the 3.5 6.0 6.5

time (s)

Figure I {u) measured electron density(blue)

iron density calculuted using the ADPAK

model(black) and using MIST modeling (red,

than that from the MIST model while the period #roken) at ria = 0.4. (b) Measured radiation
emissivity ar v/a = 0.4, (c) Electron temperature

where the iron density peaks is rather well at the divertor(black) and resulting model of
sputtering yield (red).

matched.  This indicates that the diffusion

shapes of these curves one notes that the rise and

decay of the ADPAK iron density is much faster

coefficient is approximately correct, but that it varies during the oscillation being much
higher in the beginning and end of the cycle. Closer examination reveals that the results of
the ADPAK modeling diverge quickly from the MIST model at t = 5.5 and 6.5 sec indicating
a sharp transitions in the impurity diffusion. This is also clearly seen in Fig. 1(b) in the fast
transition from the rising phasc to the falling phase and the difference in the rising and falling
times in the radiation emissivity at r/a=0.4. This indicates that the change in source resulting
from the on/off behavior of the sputtering cannot alone account for the changes in the core
iron density, but that a change in transport is also playing a role in this oscillation.

Other evidence of this change in the frequency is the dependence of the oscillation
frequency on density, which is shown in Fig. 2. This data is taken from the original
‘breathing’ discharges obscrved in the divertor configuration during LHD’s 2 campaign
(1998) as well as from discharges in the wall limiter configuration from the 3™ (1999-2000)
and 4™ (2000-2001) campaigns and discharges in the divertor configuration from the 4"



campaign. These wall limiter discharges were formed 3 LAASAS AAAAL MM AL AN A

by adjusting the helical coil current distribution to ’%( 1;“3— -+
fatten the plasma cross-section in plane of the helical g : 1( X *&
. - . et 2r - 7
coil to scrape off the plasma on the inboard stainless & : ;¥+ +
O :
= : H3
steel wall.  These wall limiter discharges show & o+ .;A o <&
properties  similar to the original ‘breathing’ £ . + e ra/o8
N . : e S 11/24/00
oscillations with the exception of a lack of electron = : wall limiter:
A ¢ 10/13/99
density oscillation in some cases. Therefore it is § 0o
thought that this is the same phenomenon, with the 1] FOUR TV TUOIIN TV IOv
: ) . . 00 05 10 15 20 25 30 35
source of iron being the stainless steel wall limiter Breathing Density (10°/m?)

Figure 2 Frequency dependence of
‘breathing’ oscillation on line averaged

density seen in Fig. 2 is consistent with the change in 9ensity

instead of the divertor. The frequency dependence on

frequency of the iron density relative to the electron density level observed in Fig. 1 (a).
However it does not explain the rapid changes observed.

The second way in which a variation in transport is observed during the oscillation is in
the change of the electron and iron density radial profiles during the oscillation as was
pointed out in Figs. 2 (c) and (g) of Ref. [3]. This can be seen clearly in the plot of the
positive density gradients shown in Fig. 3. It is interesting to note the temporal and spatial
coincidence in the peaks of the gradients with that of the iron impurities slightly preceding
that of the electrons. The dramatic changes in these profiles also indicate that transport is

changing during this oscillation.

. ; 0.70 ' Y W '
3. Discussion " '
0.60 7
In seeking a recipe for the ‘breathing’ osol dn /dr >0
oscillation, analysis has made clear that the
) _ . - 040
transport in and out of the core plasma of iron = 030l
impurities from plasma facing components is the 020l dn /dr > 0
key ingredient. What is not yet clear is the relative 0 10 ]
importance of the competing ideas of changing 0.00 I 1 I 1
source and changing transport. Modeling and 40 45 50 55 60 65

L(s)
Figure 3 Evolution of positive iron (red} and
is most likely the plasma facing components electron (blue) density gradients during the
‘breathing ' oscillation.
(divertor tiles in the divertor case, wall plates in the

experimental observation indicate the source of iron



wall limiter case), and that this source is changing during the oscillation. However, further
modeling has shown that a change in transport is necessary t(‘)A explain the time evolution of
the core iron deﬁsity. In addition changes in the iron and electron density profiles indicate a
change in bulk particle and impurity transport during this oscillation,

The results shown raise several interesting questions. First of all, why is the oscillation
frequency a function of the electron density? One simple explanation is that at higher density
the impurities radiate proportionately higher and the cooling necessary to detach from the
divertor/wall occurs more quickly. Also there seems to be a density threshold below which
the oscillation does not occur. In this case perhaps the radiated power loss relative to the
power absorbed from the beam is not adequate to cool the plasma to the point of thermal
collapse. This is related to the radiative density limit in LHD which is currently being
studied. Probably the most important question to be answered is what is the root cause of the
changing transport that is observed in the time evolution of the core iron density and the iron
and electron density profiles in general. A related question is why the iron impurities and
electrons are accumulating at r/a = 0.4. A possible answer to these two questions lies in the
radial electric field profile. Preliminary measurements of the radial electric field show it
changing sign at r/a = 0.4 from positive to negative with increasing minor radius. This 1s
coincident with the accumulation of iron impurity ions at r/a = 0.4. Also, at the edge of the
plasma, the density regime at which the oscillation takes place is characterized by multiple
roots (positive and negative) of the neoclassical E; [8]. Therefore we propose to investigate
in the future the possibilities that a fast sign transition of the radial electric field may be
responsible for the observed change in transport and the periodic accumulation of iron
impurities at r/a = 0.4.
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5-D Simulation Study of Energetic Tail Ion Transport
during 1ICRF Heating in LHD

S. Murakami, H. Yamada, M. Isobe, M. Sasao, K.Y. Watanabe, K. Ida, R. Kumazawa,
S. Morita, T. Mutoh, K. Narihara, T. Ozaki, T. Seki, K. Tanaka, T. Watari, K. Itoh, A. Komori,
O. Motojima, and LHD Experimenial Group

National Institute for Fusion Science,
Toki 509-5292, Japan

1. Introduction

The behaviors of trapped particles are complicated and have relatively large orbit size in
the radial direction in heliotrons. These radial motions of trapped particle would enhance the
radial transport of energetic ions. Also, because of fast drift motion of energetic ions, the
direct convective transport by grad-B dnfi of ripple trapped particle would be important in
the energetic ions confinement in addition to the diffusive (neoclassical) transport, which
plays dominant role in the thermal plasma. Thus, the ripple induced transport of energetic
ions is an important issue for the energetic ion confinement,

ICRF heating experiments[1-3] have been successfully done and have shown significant
performance of this heating method in LHD. Up to 400keV ol energetic tail ions have been
obscrved by fast neutral analysis. However, the measured information is obtained as an
integrated value along a line of sight and we need the theorctical model for the energetic tail
ion distribution to discuss the role of ripple induced transport.

In this paper we study the transport of energetic tail ions during ICRF heating in LHD
using a global transport simulation code in 5-D phase space (GNET)[4,5]. We make clear the
characteristics of minority ion distribution in the phase space and show the role of ripple-

induced transport in the energetic tail ion confinement in LHD.

2. Simulation Model

Many efforts have been made to analyze the energetic particle distribution and the
transport during ICRF heating, analytically and numerically (Fokker-Planck model and etc.),
but most of the analyses using local approximation. A simple Orbit following Monte Carlo
simulation has been used to take into account the non-local effect due to finite orbit size of
energetic ions. However, the energetic particle distribution changes in time and we can not

obtain a correct steady state by this type of Monte Carlo simulation. To obtain a steady state
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we should consider the balanced state between particle source and sink correctly in a global
simulation.

We solve the drift kinetic equation of minority ion during ICRF heating in 5D phase-space

o

where C(f) and O, are the linear Clulomb Collision operator and the ICRF heating term by

+ (V,‘, + VD) ) Vf +a- va = C(f) + QfCl{F(f)-*- Sparride + Lparrida

the wave-particle interaction. S,,,.. s the particle source term by ionization of neutral

particle [Fig. 1; ng=1x10""m" (dashed line) and 2x10"m™ (solid liné)_] and the radial profile

of the source is evaluated using AURORA code. 2.3e+15

L poricre 18 the particle sink (loss) term consists of two 2e+15 F

parts; one is the loss by the charge exchange loss .

assuming the same neutral particle profile as the %1‘5&"15'

source term calculation and the other is the loss by ? 1e+15 |

the orbit loss escaping outside of outermost flux

surface. In GNET code the minority ion distribution ~ 3¢*14 |

fis evaluated through a convolution of §,,,..,. with a 0 ) ,
characteristic time dependent Green function 0 02 0'4, /: 6 08 1

evaluated using test particle Monte Carlo method.  Fig.1 : Source profile of minority ions

3. Simulation Results

We, here, consider two LHD configurations with different values of the magnetic axis
shift in the major radius direction; one is the "standard” configuration (R, = 3.75m)
satisfying the requirements for highly balanced plasma performance (i.e. a high plasma beta,
relatively good particle confinement, and creating a divertor configuration) and the other is
the "inward shifted" configuration (R,,= 3.6m) where the confinement of ripple trapped
particle is improved drastically and the good confinement of energetic ions would be
expected. -

Figure 2 shows the steady state distribution of the minority ions during ICRF heating
obtained by GNET code for the two configurations of LHD (R, = 3.6m and 3.75m). We plot
the flux surface averaged tail ion distribution in the three dimensional space (r/a, v;, Ve
where a/r, v, and v, are the normalized averaged minor radius, the parallel and
perpendicular velocities normalized by the thermal velocity at the plasma center,
respectively. We assume the same heating and plasma parameters as the experimental ones,

where the RF heating power of about 2.5MW, the magnetic field strength at R=3.6m is
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Fig. 2: Energetic tail ion distribution in the (/a, v, Vpep) Coordinates in the LHD plasma for

RF powsr absorption [W cm™?)

heat deposition [W cm™)

two different configurations; R, = 3.6m (left) and R_ = 3.75m (right).
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Fig. 3: Radial profiles of RF power absorption (left top), energetic ion pressure (right top),

heat deposition (left bottom; R,,= 3.6m and right bottom of R, = 3.75m).
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2.75T and the resonance region only exists r/a>0.5 in the R,,= 3.6m configuration. The
density, n, and temperature, T, are assumed to be n=n,(1-<(r/a)*) and T=T,(1-(+/a)’) where
n,~1x10"m" and T,=1.6keV.

The RF wave accelerates minority ions perpendicularly in the velocity space and we can
sec perpendicularly elongated minority ion distributions in both cases. Also we find a peaked
energetic tail ion distribution near r/a~0.5 in the R, = 3.6m case, while a broader distribution
of energetic tail ions can be seen in the R,,= 3.75m case. This is due to the larger trapped
particle orbit size. The energetic particlie would be localized more in the R,,= 3.6m case.

Figure 3 (left top and right top) shows the radial profiles of RF power absorbed by
minority jons and pressure profile of minority ions. The peak of RF power absorption
appears at #/a ~0.5 in the R, = 3.6m case and is at v/a ~0.4 in the R, = 3.75m case. Then, we
can see the peak of pressure profile also at /a ~0.5 in the R, = 3.6m case. On the other hand
we can sec a broader pressurc profile in the R, = 3.75m case. This shows that the larger
ripple induced transport occurs in the R, = 3.75m case. The heat deposition profile (Fig.3:
bottom) also shows the broader profile in the R,,= 3.75m case than that in the R, = 3.6m

case and the obtained heating efficiency is 40% higher in the R, = 3.6m case.

4, Conclusions

We have developed a 5D (3D+2D) phase space simulation code, GNET, for studying the
global collisional transport in non-axisymmetric configurations. The GNET code has been
applied to the analysis of energetic tail ion transport during ICRF heating in the LHD plasma.
A steady state distribution of energetic tail ion has been obtained and the characteristics of
distribﬁtion in the phase space are clarified. The configuration dependency on the
distribution have been shown and higher heating efficiency have been obtained in the
R, =3.6m,
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1. Introduction

In both tokamak and helical plasmas the maximum achicvable density is limited[1,2].
Increasing the density induces an increase in impurity radiation and thus a radiative
collapse via a thermal instability[3]. In tokamaks, both the poloidally symmetric radiation
belt and the asymmetric MARFE(multifaceted asymmetric radiation from the edge) have
been observed[1,4]. In helical devices, the issues regarding the density limit and radiative
collapse have also been studied intensively [2,5-7]. On LHD, a MARFE-like radiation
profile has been observed[7]. In this paper, the basic features, including the radiation
structures, in the decay and collapse discharges on LHD are compared. The time evolutions
of the radiation profile in the collapse discharges are investigated.
2. Experimental setup and diagnostics

The Large Helical Device(LHD) is a large superconducting heliotron system with a set
of //m=2/10 helical coils. The experiments subjected to this work were conducted under
conditions of R/a=3.6~3.75m/0.6m, B=1.5-2.75T, n=0.6~7.0x10"’m™ and T(T;) = 0.5-2
keV. The total plasma radiation profile is measured by a multi-channel bolometer array
viewing the vertically elongated cross-section of the plasma[7].
3. Basic features of the decay and collapse of NBI heated plasmas on LHD

In LHD, the NBI heated discharges are terminated in two ways: (a) thermal decay(TD)
after the termination of NBI; (b)radiative collapse(RC) during the NBIL. The typical
discharge waveforms of the TD and RC shots are displayed in Fig. 1. The figure shows that
the plasma is initially produced by ECH and then expanded with increasing stored energy

W,, due to NBI heating. For the TD plasma, the line-averaged electron density n, reaches

its maximum shortly after the termination of the gas puffing, and the OV/CIlI emission and

P..4 are roughly proportional to 7, up to 0.88s. Then, with further decrease in temperature,

a sharp increase is shown in OV/CII radiation. But their amount is small, having little



contribution to Pr,q. In the RC shot, the strong gas puffing results in a continuous increasing

of 1, and thus increases in OV/CIII emission and Pr.q. After 0.86s, the highly increased 7,

induces a dramatic nonlinear increase of Prq with #,, implying the occurrence of a thermal
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Fig 1. Dypical discharge waveforms of a thermal decay(TD) (left column) and a radiative collapse(RC)
(right column) discharge. () and (e) Total plasma stored energy, ECH and NBI timing, (b) and (f) line-
averaged density and gas puff, (c) and (g) emission intensity of OV and CIlI and (d) and (h)total radiated
power and deposited NBI power. The dashed line in (h) indicates a TI onset.

instability(TI). In Fig.1, we can also see that the Pr,q in the TD plasma is smaller than Py,
(deposited NBI power) during the NBI phase, while for the RC plasma, P4 is increased
rapidly after the TI onset and exceeds Py, soon, leading to a collapse of the discharge. The
above results reveal a crucial role of the density level in dominating the decay and collapse
of the discharge. On LHD, another clear difference between the TD and RC plasmas lies in
their total radiation structures. Fig. 2 displays the contour plots of the time evolution of the
chord-integrated radiation brightness for the TD and RC shots shown in Fig. 1. In Fig. 2(a),
the TD plasma shows a symmetric radiation profile on the inboard-outboard side
throughout the discharge, while in Fig. 2(b) the RC plasma shows a symmetric radiation
profile at the first stage and then an asymmetric profile with high radiation located on the

inner side of the torus before the end of the discharge. As seen in the expanded time trace,



the asymmetric radiation(AR) occurs at about 0.935s, roughly 80ms later than the TI onset,
as shown by the dashed line in Fig. 1(h).
4. Characterization of the poloidally asymmetric radiation in RC discharges

As seen in Fig. 2(b), the basic property of the AR on LHD resembles that of MARFE
observed in tokamaks, which also radiates stronger on the inner side. But unlike MARFE,
the AR on LHD is transient and only appears before the end of the RC discharge. A similar

time evolution in the density profile has been observed[7]. Here we focus on the compa-

(a) TD Shot # 5368 RC shot #10272
Z| 13 3.5 T
o 12: W _\—ﬁ 3.0 (q) TI cnset T
c 1('] L 2.5 S~ .
c - - -
3 gl 2.0 i, [2x10"m™3] :
Y Br 1.5 B
5 7 Lok 4
2 &l 0 Proa [MW
E 5t 0.5 -
2 af .o *
RELs 208 (b)) T [kev] 1
'é ? 1.5 -
0.40 050 0860 070 080 0.90 :
time {s) 1.0 /: .
= (b) RC Shot § 3574 o.5 stort of T, drop i
T }g I 0.0 :
° 11f 04 06 OB 1.0_12 1.4 1.6 1.8 20
£ 101 time (s)_. = 4 N\
9 -
S g l! e , / N
5 7 [ T ; T
T & 2.0 () T, [kav] : : 1
E 2.
]
L
§ L ) ~ 3 — 1 )
040 050 060 070 0280|0980 100 os5hk $hasa 1 : : 1
time (=) (tarare TH) :
T -8
= S —D.86
R H
@ 12 = L -os5
$ ¢ . T a7
g 13 [ Nz o 407
= 1
x] BF 2 +0.51
& 7r E +oms
E 5F Z +uze
5 5r £.30 1.40 1.50 1.50 1.70 t.80
S 4F tima (&)
2 3
5 7 Fig. 3. Time traces of (a} line-averaged density
[=) —_ -
0.85 6.80 © 0.85 1.00 n. and iotal radiated power P, and (b)central
time (s ‘

electron temperature T, during a RC shot. Shown
in {c) is the expanded 1ime trace of T,y and (d) the
contour plot af the chord-integrated radiation
brightness.

Fig. 2 Contour plots of the time evolution of
the chord-integrated radiation brightness for
the TD and RC shots shown in Fig. |

risons of the time evolutions of the radiation profile with those of the temperature and
temperature profile. shown in Fig. 3 is another RC shot summary. In Fig. 3(a), the sudden

nonlinear increase of Pr,g with 7, at 1.64s indicates a TI onset. Fig. 3(b) displays that the

initial drop of central temperature Teg occurs at ~1.3s, considerably earlier than the TI onset
time. In Figs. 3(c) and (d), an expanded time trace of T is shown together with the
radiation brightness contour plot, where the AR is observed beginning at 1.75s. Thus, the
collapse of Teo can be divided into three phases: phase 1 before TI onset, phase 11 between

T1 and AR and phase TII after AR formation. In Fig. 4, the electron temperature T, profiles



measured at four times(tl ,t2, t3, 14) across the above three phases are plotted in terms of
the normalized radius p. From this figure, we can sec that in phase I (t1-12) the overall Te
profile is reduced to a low level. From the beginning of phase T1 (t2-13), a clear shrinking of
the plasma radius can be observed, indicating that a substantial contraction of the plasma is

initiated after the trigger of T1. But unlike that in tokamaks, this shrinkage of plaSma does

not result in any sudden dramatic termina- o :;':}::ggz

tion of the discharge. In phase 111 (t3-t4), 15f S iantles 1

with the plasma column further contracting, ‘+ %

the differences between the inboard and E 1or n“:’ft‘ﬂ’ o "’+’ 1
& .

outboard T, profiles at the edge zone are

rather clear. On the outer periphery (below oS

dashed line, T.< 50eV), the T, on the inner

0.0

side is lower than outside, consistent with -1.0 -05 00 0.5 1.0
Inboard side — g — OQutboard side

the asymmetric radiation profile, i. e., low Fig 4. Electron temperanoe T. profiles

measured ar four times across the three
temperature collapse phases I, Il and 1l as
and high temperature, low radiation on the shown in Fig.3

temperature, high radiation on the inner side

outer side. The results indicate a good coincidence of the development of the radiation
profile with the temperature and density profiles.
5. Summary

In this paper, the TD(thermal decay) and RC(radiative collapse) discharges on LHD
have been reported. Comparisons between them indicate that the density limit processes
play a crucial role in dominating the decay and collapse of the discharge. The different
features in their radiation profiles are also shown. In the RC discharges, the total radiation
profile develops 1n several phases, consistent with the time evolutions o‘f temperature and
density profiles. A shrinkage of the plasma column is observed just after the onset of TL
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1. Introduction
Plasmas heated by neutral beam injection (NBI) have indicated the favorable density
dependence of energy confinement in the Large Helical Device (LHD) [1]. The energy

confinement time % is scaled by 2 o< P, "% n,%"7 B>

in the configuration with a magnetic
axis position R, of 3.6m [2]. Here P, n. and B, are absorbed heating power, line-averaged
density, and magnetic field, respectively. Therefore, an increase in n, is a key issue in
maximizing stored energy W,., and pellet injection has a great impact on expanding the
operational regime toward a high-density regime [3].

Recently, the plasma performance has been examined by controlling the widths of
intrinsic magnetic islands, which seem to be generated by an error field. A remarkable
improvement was observed in plasma parameters in the high-density plasmas produced by pellet
injection. When the intrinsic islands were minimized, the increment of W, amounted to about
25% and the maximum W, of 1.03 MJ was achieved in the last experimental campaign. This
paper is intended to describe this improved plasma performance, realized by minimizing the

intrinsic islands and represented by the maximum W), of 1.03 MJ.

2. Magnetic islands

In helical systems, well-nested vacuum magnetic surfaces play an essential role for
plasma performance. However, the flux mapping, carried out at R, = 3.6 mand B, = 2.75 T,
showed that there were an m/n = 1/1 island and 2/1 islands in the LHD. The maximum widths of
these islands are about 8 cm and 5 cm, respectively [4]. The cause of the error field is not clear,
but there are a variety of possibilities, for example, ferromagnetic material located around the
LHD, the large misalignment of the coils and so on.

The intrinsic islands were demonstrated experimentally to be almost simultaneously
eliminated, that is, to be minimized by a perturbation coil system [4]. The perturbation coil
system was installed to the LHD for the local island divertor (LID), which has been proposed for
remarkable improvement of plasma confinement like H-mode in tokamaks. Thus it can also

widen the widths of the vacuum magnetic islands [5].



2. Experimental Results and Discussion

The effect of the intrinsic islands on
plasma performance was studied at R, = 3.6
m and B, = 2.8 T. The port-through power of
NBI and launching power of ion cyclotron
range of frequency are 5 MW and 2 MW,
respectively. Plasma discharges with a
methane puff were conducted before this
experimental series of high-density pellet
plasmas, relevant to the intrinsic islands.

A carbonization effect was expected
from methane puffing, but its effect on our
experiments was not clarified.

Figure 1 shows temporal evolutions
of typical LHD discharges. Five pellets were
injected from 0.5 s to 0.7 s, which increased
#. beyond the 1x10*® m™ in this short time.
While W, behaves in an adiabatic condition
at the pellet injection, it rises slowly due to
confinement improvement by a density

increase [6]. It-was found by minimizing the
intrinsic islands that W, was improved,
compared with W, in the configuration with
reached the
maximum value of 1.03 MJ. The increment
of W, amounted to about 25 %. A large

the intrinsic islands, and

difference was also observed between n, in
the two discharges in Fig. 1(b), and this
causes the difference in #), as predicted by

the scaling law. The relation of 7, versus W,

is plotted in Fig. 2. The solid and dotted

lines represent those relations predicted by
the International Stellarator Scaling 95
(1SS95) [7] and one improved by a factor of
1.5, respectively.  The  confinement
enhancement factor from the ISS95 is about
1.4 for these discharges. Therefore, the

effect of minimization of the intrinsic

1.0} (a) Minimized Islan
(#24443
— 0B
=
=
~ 0.6}
2" 04 Intrinsic Island
(#24437)
0.2
0.0
14
2t (b) Minimized Island]
— 1o {#24443)
E
2 %
~ Indrinsic Islan
| 4t (#24437)
Z2F
]
3
(c})
2t Minimized Islang
%“
=
L
Intrinsic Island
(#24437)
0 1
0 1 2

Time (s}

Fig. 1. Temporal behaviors of Wy, n. and
radiation power in the configurations

with and without correction by a
perturbation coil system.
1.2 ; T
N
'r \5596 ® ~
. \?’* g Minimized
E 08} Island 1
= Intrinsic ,---"'Q;h
® W
a Island-- el |
= 0.6 \6595
> -
(1]
€ 04}
02/
0

¢ 02 04 06 08 1 12
n_ (10 m")
Fig. 2. Relations of n. versus W, in the

configurations  with  and  without
correction by a perturbation coil system.



islands should be recognized as the 10

extension of preferable confinement in the
- ar
higher density regime. It also should be 3
noted that the limitation of %, is not caused ~ __ 8]
by the deterioration of confinement, but by § 4 Intrinsic Island -
the density limit arising from the existence =,

. - - - - I B . . . T
of the intrinsic islands. In Fig. 1(c), the 2 Minimized Island
radiation power, measured by a bolometer, 0 .

0.4 0.6 0.8
shows little difference between the two
) .. Time (s)
discharges before ¢ ~ 1.2 sec. At this time,
the five pellets are already injected and W,’s
begin to be saturated. The emissivity profile Fig. 3. H, radiation in the discharges in

the configurations with and without
correction by a perturbation coil system.

evolutions also  indicate  that  the
intense-radiation areas are located at p ~
11.0 in both cases, and the radial radiation
profiles are almost the same in this period. Thus, the reason for the density increase is not
attnbuted to impurity behavior.

A large difference was observed between the H, radiation in the discharges with and
without the minimization of the islands, as shown in Fig. 3. After the pellet injection, the Hq
radiation in the discharge with the minimized islands was found to be smaller than that with the
intninsic islands, indicating that the former particle flux towards the wall is smaller than the latter
particle flux. This was also demonstrated by the divertor fluxes, which were measured with
Langmuir probes located on the divertor plates. Figure 4 shows the radial », profiles measured
before and after the first and second pellet injections and those during the second pellet
injections, together with the normalized rotational transform angles. An important point is that #,
in the configuration with the intrinsic islands is higher in the edge region of 42 m <R <4.5m
than that with the minimized islands. Especially, the high n, values near the last closed flux
surface of R ~ 4.5 m coincide well with the high particle fluxes towards the wall when the
intrinsic islands exist. In this case, the ablation of the second pellet occurs mainly in the edge
region, and an increase in n, near the plasma center becomes small. The high density in the edge
region is considered to promote the ablation of the pellet, although the dependence of the
ablation on »n. is weaker than that on 7,. In the case of the magnetic configuration with the
minimized islands, the ablation of the second pellet occurs mainly near the plasma center, and a
large increase in n, is observed there. This is proved by the fact that n, around R = 4 m during the
ablation with the minimized islands is much higher than that with the intrinsic islands, indicating
that the size of the pellet passing there is larger in the former case than that in the latter case. It
should be noted that n, around the m/n = 1/1 island is high, although the reason is not clear at this

stage. The reason why the ablation is quickened in the presence of the islands is not clear either.
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injections and those during the second pellet injections, together with the
normalized rotational transform angles, in the configurations with and without
correction by a perturbation coil system.

Summary .

The maximum stored energy of 1.03 MJ was achieved by mimimizing the intrinsic
magnetic islands. When the intrinsic islands exist, the pellet ablation occurs mainly in the edge
region, and a large amount of plasma flows to the wall quickly, leading to a decrease in the
density, and hence, a decrease in the stored energy.
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CONFINEMENT OF FAST IONS PRODUCED BY NBI ON LHD
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1.Introduction

The Neutral Beam (NB) heating campaign has been started on LHD since 1998.'”
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 ton studiecs on LHD, (a) the confinement of NB-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 topics to be studied.

During the 3™-cycle of LHD, NB short-pulse injection experiments, so called NB-blip
experiments, were performed for ICH sustained plasmas to examine the confinement of
NB-particles on LHD. In this experiment, a strong enhancement of pitch angle scattering
was observed for ctr.-NB blip injection at a fast neutral analyzer whose line of sight is
perpendicular to the magnetic field of lines, while no significant responses are observed for
co.-NB blip injection. In this paper, we will show the result of the NB-blip experiments

done in 3™- and 4"- cycle of LHD, and show the analysis of this phenomenon.

2. Experimental Set-Up

On LHD, two of negative-ion based Neutral Beams (NB’s) are injected tangentially.
One is injected to co.-direction and another is to ctr.-direction.” Each beam line has two ion
sources. These two ion sources are placed horizontally and have different tangency radii(R;)
of NB-injection. One of the advantage of the negative-ion based NB is that it consists of
single energy component. Thus, the analysis on the NB particle confinement and on the
heating characteristics become simple compared to positive-ion based NB’s.

Two of electrically cooled Siliclon diodes were adopted as Fast Neutral Analyzers
(Si-FNA).® One is installed on the tangential-port for co.-NB detection. Another is
installed on the lower-port of LHD, whose line of sight is perpendicular to magnetic field
lines. The advantage of Si-FNA is simple, compact and economical compared to the

conventional neutral particle analyzer. Thus, it makes casier to have measurements from



various locations.

During the experiment shown in this paper, the magnetic axis of LHD was set to 3.6m,
which is the standard configuration of LHD. The magnetic field strength was 2.75T at the
axis. Two of ICRF-antennas were used to sustain the plasmas and launched the ICRF-wave

of 38.46MHz in the experiment shown here.

3. Experimental results and discussions

Figure 1 shows the result of NB-blip experiment done in 3“-cycle. The short-pulse
(20msec) NB is injected to ICH (Pycy=~1MW) sustained plasmas with a cycle of 300msec.

The electron density (n.) was about 1.0x10" [m™] and stayed almost constant during the

NB-injection. As is seen on Fig.1, big spikes were observed for perpendicular Si-FNA
signals for ctr.-NB injection, while no significant response was observed to the co.-NB
injection. Due to the ion source trouble of ctr.-NB injector, the NB-power of ctr.-NB was
about the third of the co.-NB power. In the 4"-cycel of LHD, similar experiments were
performed for NB-sustained plasmas and low power ICRF-sustained plasmas (Pien=0.4MW).
During these experiments, no significant responses of perpendicular Si-FNA were observed in
conjunction with NB-injection. These results indicate the phenomenon shown at the

NB-blip experiment during the 3"_cycle is the enhancement of pitch angle scattering which
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Fig.1 a) Stored Energy and NB injection energy, and b)signals of perpendicular
and tangential Si-FNA at co.-NB blip experiments. ¢) and d) shows these at ctr.-NB
blip experiments, respectively.

correlates to ICH induced wave and has a dependence on the ICH-power.  Figure 2 shows
the change of Si-FNA spectra during the NB-blip experiments at 3"_cycle. The red curves
in the contour plot show the slowing-down curve of the NB particles at various plasma
locations. Temporal behavior of the tangential Si-FNA spectra at co.-blip injection is well
described by the classical slowing-down theory. The temporal behaviors of Si-FNA spectra



at ctr.-blip injection show that the enhancement of the pitch angle scattering occured at the
edge of plasmas where p>0.7. The enhancement was significant at the energy around
50-keV.
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Fig. 2 a) NB deposition current to plasmas, b) contour plot for tangential $i-FNA spectra
and c) contour plot for perpendicular Si-FNA for co.-NB blip injection. (d),(e) and (f) are
these for ctr.-NB blip injection. Red curves in contour plots show the slowing-down
curves of NB-particles at various location of plasmas.
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an account as the width of the resonance layer and the k; is assumed to be 0.5[m™'].  For both

co.- and ctr.-passing particles, the ions traveling around the edge of the plasmas are passing
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Fig.4 The p,y-distribution along NB flight paths for (a)co.-NB and (b) ctr.-NB injectors.
The yellow regions show the ICRF interacting domains where the particle launched from
the sight line of ion sources enters ICRF-resonance region, frequently.

through the ICRF resonance region (Pave. =0.4). Especially, particles traveling between Py,
=0.43 and 0.58 stay longer in the resonance region than other particles. In figure 4, the
Pave -distribution along NB flight paths for co.- and ctr.-NB injectors are shown, the beam
width is taken into an account in the figure. Due to the difference of the orbit topology
between the co.- and ctr.- passing particles, the ctr.-NB injector has larger area of ICRF
interacting domain. This is consistent with the results observed at NB-blip experiment.
Farther analysis and experiments are necessary to get an agreement between experiments and
analysis about the location of ICRF interacting domain.
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1. Introduction
Improvement of plasma performance afier turning off gas puffing (“reheat-mode™)
has been widely observed in relatively small-scale helical devices such as CHS [1], ATF [2]
W7-AS [3]. A large increment of plasma stored energy and an improvement of energy
confinement are observed in the reheat-mode discharges. The reheat-mode appeared not
only in NBI case but also in ECH and ICRF cases. It is strongly suggested that the cause
of the reheat-mode is not simply related to a recovery of the input power and originates 1n
the transport phenomenon due to a change of the edge parameters. Neutral particle effects,
however, were so big in such devices. For example, the density profile was largely
affected by the edge neutral behavior [4]. Then, unclear points remained for
understanding the physical mechanism of the reheat-mode in addition to a lack of temporal
and spatial information.
In LHD [5] the LCFS is surrounded by an ergodic layer of which the thickness ranges

between 1 and 7cm at the O-point and depends on magnetic axis position (see
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Fig.l Thickness of ergodic layer averaged between inside and outside points (left: O-point at

vertically elongated position, right: X-point at horizontally elongated position.)



Fig.1). Here, the D,y is taken at a region with connection length, Lc>100m. The edge
temperature of the main plasma (p=1) normally exceeds 100eV. Then, hydrogen neutrals
and radiation from light impurities are located in the ergodic layer surrounding the main
plasma. Inserting a limiter, density profiles did not change in LHD, whereas those in CHS
changed from hollow to peaked by an increase in reflected particles from the limiter [4].
The direct effect on the neutrals was completely removed from the plasma core of LHD.
Therefore, it has been thought unlikely that the reheat-mode appears in LHD.

2. Reheat-mode discharges in LHD

After starting NBI experiments the reheat-mode operation was tried, and magnetic
axis (R.x) dependence was investigated in order to make clear the response to the ergodic
layer thickness. A clear increment of W, was observed after switching off the gas puffing
at the R,;,=3.70m position. Typical results are shown in Fig.2. The increment of W, in
the R,,=3.60m position is very small. In the R,=3.75m position the operation related to
density control becomes considerably difficult because of the thick ergodic layer. The
edge temperature at p=1 in the R,,=3.60m position is higher than the case of Ry=3.70m [6].
Then, the recovery of the edge temperature in R,,=3.60m is relatively small (In LHD the
best confinement is obtained in the R;=3.60m position). These results indicate that the
existence of the ergodic layer plays an important role for the reheat-mode discharge. A
direct reason is a recovery from a large drop of the edge temperature at high-density region

due to the low T, in the ergodic layer.
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Fig.2 Reheat-inode operation during NBI discharge (upper: plasma stored energy W, lower:
line-averaged density <n.>). (a) R=3.60m, {(b) R,,=3.70m, (c) Ryy=3.75m.

3. Behavior of the electron temperature

A typical result of the electron temperature behavior in R,x=3.70m position is shown
in Fig.3(a). Constant gaé puffing is switched off at t=1.7s. After switching off the gas'
puffing the W, increases from 370kW (t=1.7s) to 480k} (t=2.1s). The peak W, at t=2.1s
gives a confinement improvement of 30% against 1SS-95 scaling, although the gas puffing
phase just behaves as the 1SS-95 scaling.  Unfortunately in this discharge the ICRF pulse



is applied during 0.3s from t=2.0 to 2.3s and the NBI#1 pulse is turned off at t=2.1s. Then,
the linear increase of the W, is suddenly stopped at t=2.1s. The temporal behavior of
electron temperature measured from Thomson scattering is shown in the bottom trace.
The edge temperature at p=0.95 increases with a time delay of 40ms after switching off the
gas puffing. At this moment, however, the central temperature at p=0 is still drops. The
temperature rise at the edge region propagates toward the plasma center with the same time
scale as energy confinement time (=140ms). After 170ms (t=1.87s) the electron
temperature goes up with edge and core regions until t=2.1s at which the NBI#1 is turned
off. From these resulls we can clearly understand that the reheat-mode is a pure transport
phenomenon accompanied with confinement improvement. The electron temperature
profiles are traced in Fig.3(b). The profiles are taken at times of t=1.7s (gas puffing off),
1.86s (end of the heat propagation) and 2.10s (end of reheat-mode). It is understood that
the temperature recovers in the whole region of the plasma. The main part of the increasc

in Wy, of course, originates in the edge temperature rise.
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Fig.3(a) Temporal behaviors of W, <n.> and T.. Gas puffing is switched off at t=1.7s.

(b} Electron temperature profiles measured from Thomson scattering at t=1.7, 1.86 and 2.1s.

4. Behavior of the electron density

It was reported that density profiles become peaked during the reheat-mode [1],
although the mechanism was unclear at the moment. In LHD an 1l-channel
interferometer is installed to get the density profile with a good time resolution. Results
from LHD are shown in Fig.4 (the discharge is the same as before). We can see from
Fig.4(a) that the density profile becomes peaked after switching off the gas puffing, and we
can understand the reason seeing the temporal density behavior (see Fig.4(b)). An



important issue for the mechanism can be pointed out to be an existence of the inward flow
of particles supplied from the gas puffing and a difference between particle confinement
times of core (0.3s) and plasma edge (0.01s). After switching off the strong gas puffing
the supplied particle still moves toward the plasma center. The density in p=0 and 0.45
continuously goes up at t=1.8s, whereas the edge density in p=1.05, 1.00 and 0.90 begins to
drop. This change in the density profile continues until t=2.1s, and finally such a peaked
density profile is performed. The improvement of the energy confinement also continues
until t=2.1s with the formation of the peaked density profile.
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Fig.4(a) Electron density profiles after Abel inversion at t=1.7s and 2.1s. (b) Temporal behavior

of electron density as a parameter of p (=<r>/<a>).

5. Conclusions _

1) Reheat-mode was observed also in LHD. Thickness of the ergodic layer is étrongly
related to the confinement improvement during reheat-mode. |

2) Heat propagation [rom edge to core was observed. The core temperature is strongly
correlated to the edge temperature. : |

3) Peaked density profile was observed. It can be explained in combination with the
inward flux from gas-puffed particles and a difference in the particle confinement time
between core and edge region.

4) There possibly exists a relation between density peaking and confinement improvement.
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1. Introduction

The LHD experimental campaign in 1999 demonstrated that the plasma was fairly
stable and did not suffer from serious plasma collapse caused by pressure driven modes
such as ideal/resistive interchange modes and ballooning modes. The global plasma beta
<[> was increased more than 2 % [1]. Observations of magnetic fluctuations appeared
to be consistent with the linear stability against Mercier modes and low n (n: toroidal
mode humber) interchange modes. These pressure driven modes saturated at a relatively
low fluctuation level. However, in the experimental campaign in 2000 where high
heating power was injected up to 6 MW, they sometimes exhibited peculiar nonlinear
evolutions and appreciably affected the plasma confinement on a certain discharge
condition . It is important to perform detailed studics of nonlinear behaviours of the
pressure driven modes excited near the edge and core plasma regions, because their
suppression and excitation are closely linked to local energy transport around the mode
location. This paper reports the nonlinear behaviours of pressure driven modes observed
in LHD plasmas and their effects on global plasma confinement.

2. Edge MHD modes with several satellites (Edge Harmonic Modes)

In the edge region of LHD plasmas where the steep pressure gradient zone is often
generated, pressure driven modes accompanying several satellites are excited there[2, 3].
Mode structures depend on the toroidal plasma beta <B> and the magnetic axis position.
When one NBI pulse is occasionally turned off or the electron density is linearly increased
up to relatively high value (=5-6 x10""m™) by gas puffing, they rapidly grow and suddenly
saturate within 1-2 ms, of which time scale 1s much shorter than the global energy
confinement time and magnetic diffusion time. A typical discharge where the edge
localized harmonic modes (EHM) are excited is shown in Fig.1. A typical frequency
spectrum of magnetic fluctuations is shown in Fig.2. At least, 5* harmonics are clearly
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seen in the frequency range less than 10 kHz. The toroidal (n) and poloidal (m) mode

numbers for the fundamental mode with the lowest frequency (f=f =1.2 kHz at t=1.89 5)
are evaluated to be n=3 and m=2 using a magnetic probe array. Soft X-ray (SX-) detector



array also detects the fluctuations and provides the information of m=2. Moreover, the
SX- fluctuations are localized near the plasma edge (R > 4.1 m and R < 3.3 m) (Fig.3).
According to VMEC calculation, the rational surface of the rotational transform 1/q=3/2 is
located just outside the last closed flux surface(LCFS) , which means it is inside the
ergodic layer. In the ergodic layer just outside LCFS, the pressure gradient seems o stil
be finite. The EHMs slightly but clearly decrease the plasma stored energy by =3 %
(Fig.1). Inthe phase that EHMs persist, the other satellites having the frequencies of
f/2,3t/2, 5f/2 and so on are often excited(Fig.2). Note that these modes are very
similar to the so-called edge harmonic oscillations(EHO) observed during so-called
quiescent double barrier(QDB-) regime in DIII-D[4].

3. Edge harmonic modes with bursting character

As mentioned above, the edge harmonic modes EHMs are usuatly excited rapidly
and persist continuously after quick saturation. In some cases with high heating power up
to 6 MW where <B> is only =0.6%, the EHMs exhibit bursting character and transiently
depress the SX-signals from <r>/<a> =(.5 to =1 (Fig.4). It should be noted that the SX
signals indicate the effect of the bursting EHMs rcaches around half of the averaged minor
radius <a>. The bursting EHMs appreciably decrease the stored energy Wp and
transiently degrade the energy confinement time by up to 20% (Fig.5). The toroidal and
poloidal mode numbers of the bursting EHMs at the lowest frequency (f=6 kHz ) are n=4
and m=3. Again, the rational surface is located very close to LCFS or just outside LCFS.
When resonant helical ficld perturbations dominated by the m=1/n=1 Fourier component
1s externally applied using so-called Local Island Divertor (LID) coils so that an existing
m=1/n=1 island should be suppressed, the bursting character of EHMs are
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clearly suppressed and Wp is smoothly increased(Fig.4). This might be caused by slight
reduction in the pressure gradient near 1/q=3/2 surface through suppression of m=1/n=1
island. Also for the high temperature plasmas in the range of <B> =1-1.5 %, the bursting
modes sometimes affect the plasma confinement.
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Fig.5 Time evolution of the stored energy and its time-derivative for two discharges
without and with extemally applied m=/n=1 resonant helical field perturbations.

4. MHD modes excited in the core region after ice pellet injeétion

After ice pellet injection, steep pressure gradient in the core region is transiently
produced typically around the 1/q=1/2 rational surface. The magnetic shear at the rational
surface tends to become small due to the increased in <f,>. Indeed, m=2/n=1 pressure
driven modes are ofien excited, inducing sawtooth like internal collapses. The effect of
the intemnal collapse on plasma confinement 1s fairly small. '

4. Summary

In LHD plasmas heated by a total power of about 6MW (NBI and 1CRF ),
continuous angd bursting MHD modes often having many satellites (in this paper, dubbed
EHMs) are exited near the plasma edge. The bursting modes degrade the plasma
confinement transiently but appreciably. The bursting character of EHMs with m=3/n=4
was successfully suppressed by resonant helical field perturbation when the field was
applied to reduce the size of existing m=1/n=1 island. The contlinuous EHMs are
sometimes rapidly destabilized and then quickly saturate, accompanying a lot of satellites.
Just after the ice pellet injection, m=2/n=1 modes are ofien excited in the plasma core
region and lead to internal collapse, of which effect on the plasma confinement is small.
Referrences '
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[2] M.Takechi et al., J. Plasma Fusion Res. SERIES 3, 113 (2000).
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1 Introduction

Hydrogen ice pellet injection has been successfully utilized for particle fueling of the
Large Helical Device ( LHD )[1]. With the help of sequential injection of pellets, typically
five in sequence, we can reach an operational regime with fairly high electron density, in
excess of 1 x 10°*m™>. The highest performance of the LHD plasma is achieved in this
regime, where the density is being slowly decreased from its maximum value and the density
profile is being transiently peaked. It is important to study the pellet-plasma interaction in
order to optimize the ice pellet injection scheme,

Low frequency oscillations immediately following the pellet injection into NBl-heated
plasma have been found on LHD. Those are similar to the Snake[2])-like oscillations found in
tokamaks, e.g., ALCATOR C-mod[3], JET[2], RTP[4] and TEXTOR[5]. The characteristics
of the oscillations in tokamaks are summarized as follows; (1) mode frequency is very low
(several hundreds of Hz ~ several kHz ) with a poloidal mode numberm = 1. (2) Oscillations
appear in the SX radiations (SXR) and in the electron density fluctuations [2, 4, 5] and in the
electron temperature fluctuations[5] using ECE measurement. (3) Oscillations are usually
localized on the q = | rational surface. In RTP [4], formation of magnetic islands during
ablation process has been found using Thomson scattering measurement with high space
resolution. This observation supports the idea that oscillations are explained by the rotation
of magnetic islands localized on the q = 1 magnetic surfaces. On the other hand, in the
ALCATOR C-mod[3] tokamak, the peak of the oscillation are well outside the q = 1 surface.
And m = ] oscillations have been found in the Wendelstein 7-AS stellarator[6] where there is
no q = | rational surface. Understanding of mechanism of this oscillations are in the still in
the early stage. Here we present characteristics of pellet-induced low frequency oscillations
found in LHD in detail.

2 Experiments

LHD is a Heriotron type device ( 1=2 / m=10 } with the major radius R = 3.9 m and the
minor radius @ = 0.6 m. Pneumatic pipe-gun type injector is used to refuel the LHD plasma.
Hydrogen ice pellets with a velocity of ~ 1 km/s (from outboard side) and ~ 0.2 knv/s (from
inboard side) can be injected with this.
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Fig.1: Time cvolutions of the stored en-
ergy (a), the line density and the radiated
power(b), the electron temperature T, and
SXR at the center and the edge (c) are shown
together. Fourth pellet(indicated by an ar-
row) make the oscillation at about 1.21 s.
Extended view of H, and SXR are shown in

(d).

Time evolution of plasma parameters
is shown in Fig.1(a)-(c) when oscillations
are observed.  Expanded view of sig-
nals from a soft X-ray (SX) detector array
system[7] which views the plasma at a ver-
tically elongated section of LHD is shown
in Fig.1(d). Fast H, measurement and the
visible bremsstrahlung measurement are also
shown to compare the timing of the pellet in-
jection. After the ablation phase indicated by
H. peak, slow ( { ~ 400 Hz ) and dumping
oscillation can be seen, Comparing the phase
between inboard sight-line with outboard one
(broad lines in Fig.1(d)), we find that poloidal
mode number m = 1. Measurements at a dif-
ferent toroidal position, where the plasma is
horizontally elongated, also show that m = |
structure. Phase difference between two ar-
rays is consistent with toroidal mode num-
ber n = 1, though measurements at only two
toroidal positions are not conclusive. The os-
cillations persist for about 10 ms typically.

The fluctuation amplitude and the relative
phase of the oscillations as a function of ma-
jor radius R are shown in Fig. 2. Two peaks
in the amplitude (Fig.2(a})) are located slightly
inside the 1/q = 1 surface ( p = 0.7 ~ 0.9
}. The position is independent of the condi-
tions of peliets, ¢.g., size or speed or penetra-
tion depth of them. However, in the low mag-
netic field experiments ( B, = 0.75 T, dashed
lines in Fig. 2), where the magnetic sur-
faces are shifted outboard by Shafranov Shift
in high beta plasma, inner peak also moves
outboard. The disagreement with the posi-
tion of q = 1 surface is larger than that in the
low beta (B: = 2.8T) case. Estimation of the
rotational transform profile and the averaged
radius p are shown in Fig.2(a} and its axes
above. This movement can be explained bet-
ter by deeper penetration of pellets with low -
temperature plasma in high beta experiments
than by movement of the q = 1 rational sur-



face. Tt 1s possible the oscillation is not localized on the q = 1 surface in LHD.

3 Discussion

3.1 Density fluctuations or Temperature fluctuations?

While the pellet is being ablated, modulation of the H,, radiation, which suggests inho-

mogeneous ablation, are also observed (Fig.1(d)).
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Fig.2: Rotational Transform /27 (a), the fluc-
tuation amplitude (b)and the relative phase (c)
as a function of major Radius are shown. Solid
line {(open circles) and dashed line {(closed
square) arc high beta (5, = 0.5%, #22486) and
low beta (14 = 1.4%, #23154) case, respectively.
Estimation of the averaged radii assuming stan-
dard pressure profile are also shown in (a) for
reference.

Simultaneously, faster fluctuations (~
10 kHz) propagate or rotate from the out-
board side to the inboard side are also
observed.  Since this modulations are
correlated well with the density fluctu-
ations measured by FIR interferometer,
these can be explained by density fluctu-
ations, However, slower waves, we are
discussing, whose amplitude is as large
as the fast oscillations, are not detected
neither by the density measurecment nor
by the visible Bremsstrahlung measure-
ment(Fig.1(d)). The SXRs depend on
the electron density and temperature and
the impurity density. Because fluctua-
tions in the density and the impurity ra-
diation are not large enough to account
for the SXR fluctuations, the fluctuations
are may be caused by the fluctuations in
the electron temperature. However, We
can nol make a conclusive answer for this,
because ECE measurcments after the se-
quentially injected pellets are not available
due to cutoff. Thercfore, filter absorption
method has been tested using two SX ar-
rays equipped with beryllium foil of dif-
ferent thickness. Relative fluctuation lev-
els are 25% and 20% with 15um foil and
30 pern foil, respectively. It is not consis-
tent with the idea — the electron tempera-

ture fluctuations cause the SXR fluctuations — since channels with thicker foil are more sen-
sitive to the electron temperature. The origin of the SXR oscillations has not been understood

yet,



3.2 When do the oscillations appear?

These oscillations are not always observed with pellet injections. We have found about
40 cases from 320 pellet injected discharges we checked. The criterion for their appearance
will be key to understanding of this phenomena, however, no clear conditions, ¢.g. the size
or the speed of pellets, the conditions of target plasma’and so on, has been found. And this
oscillations can be seen both in the hydrogen and the helium target plasmas.

In tokamak case, the appearance of the oscillations can be related to the pellets penetrat-
ing length and the position of the q = 1 rational surfaces. It is not the case with the LHD.
Because the rotational transform profile of LHD is different from tokamaks; q = 1 surface
is located in the relatively outer region ( Fig.2 (a) ). Thereby, almost every pellet can reach
there including peliet injected from inboard side whose velocity is low (~ 200 m/s) due to
the curved guiding tube. This slow pellet also make the oscillations sometimes.

3.3 Parameter dependence

Characteristics of the oscillations, i.e. the frequency, the decaying rate, etc. are compared
with the experimental conditions. Unfortunately, no clear correlation has been found again;
the frequency of the oscillations does not depend on B; and depends weakly on the line
averaged target plasma density (Shown in Fig. 3).

In summary, pellet induced sawtooth oscillations
has been found in LHD. The frequency range, m/n 700

= 1/1 mode structurc is similar to Snakes found in L *°| I

tokamaks. Radial profile of amplitude of the mode % jzg II I I

suggests that they are not localized on q = 1 surface. s} 4 = '
The physical mechanism behind the oscillations has 200 5 1 3

not been well understood. Further investigations are 1

needed. Fig.3: The frequency of the oscilla-

tions as a function of line averaged
clectron density. Error bars indicate
References the change of the frequency while
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Abstract

For the precise analysis of toroidal confinement systems, the Toroidal Transport Analysis
Code “TOTAL” has been developed and applied to the Large Helical Device (LHD) plasmas
and related reactor systems. The new LHD confinement scaling law is derived, which can
extrapolate the present data to the reactor regime without confinement improvement.

Slow Relaxation oscillations called “breathing” have been analyzed using the TOTAL
code and the physics simulation modeling with impurity sputtering process. The slight
change in transport coefficient during oscillation is experimentally found, and roles of
high-Z and low-Z impurities are clarified. The breathing waveform and the oscillation period
are reproduced depending on plasma density by this modeling,

1. Introduction

Plasma confinement and related impurity behaviors are keys to getting high temperature
plasmas and starting reactor plasma operations. In the Large Helical Device (LHD) the
confinement times higher than the conventional scaling laws are achieved, which makes it
possible to extrapolate the present database to the reactor regime [!]. So-calied “breathing”
phenomena [2,3] are found in LHD as a result of impurity dynamics. For the explanation and
prediction of LHD and reactor plasma confinement, precise transport analysis is required. In

this paper, “breathing” plasma analysis and reactor plasma projections are carried out.

2. LHD Transport Analysis Using TOTAL Code
2-1 TOTAL Code Development

For predictive simulation and experimental analysis of toroidal plasmas, a simulation
code TOTAL (Toroidal Transport A_nalysis Linkage) has been developed as an extension of
HSTR code [5]. This consists of a 3-dimensional equilibrium with ohmic and bootstrap
currents and a 1-dimensional transport with neoclassical loss determined by ambipolar radial

electric field as well as anomalous transport (empirical or drift turbulence theory).



2-2 Global Confinement Scaling and Reactor Plasma Projection

NBI-heated plasmas on LHD are analyzed using the TOTAL code. Different from the
previous scaling laws, a new global confinement scaling law (New LHD scaling) by
regression analysis has been obtained [1] based on heliotron-type experiments:

_ 0.58— 0.51 1.0l p0.64 _2.59

Units used here are 7.(s), P(MW), n(10°m™), B(T), R(m), a(m), respectively. This scaling
law suggested the strong gyro-Bohm like feature, which is different from previous scaling
laws. This feature is also verified by local transport analysis near the edge region. Using this

scaling low, Modular Heliotron Reactor plasma [1] can be predicted without confinement

improvement.

2-3 Impurity Transport Analysis Using TOTAL Code

Consideration of the transport of impurities and their influence on plasma performance is
one of important elements in a consistent predictive modeling. In particular, the development
of “breathing” oscillations in LHD {2,3] gives an interesting example of impurity effects in
helical devices.

The impurity dynamics is calculated using measured electron temperature and electron
density. Figure 1 shows the breathing oscillation of measure input profiles and calculated
radial electric field, radiation power and effective Z values. The initial total impurity density
was assumed by the
percentage of main plasma
density. Here the recycling
rates of all impurity ions
are assumed- to be unity. In
this  anmalysis,  carbon,
oxygen, and iron- densities
are assumed as 1%, 1% and
0.2 %, respectively. Their
initial profiles are

determiined using coronal

equilibrium model, and the

Fig. I Transport analysis on LHD plasma.
Upper raw: experimental data (n, and T,),

charge-state impurity ions Lower raw: analyzed output (E,. Pr.q and Z )

time-variation of each



is dynamically solved by the rate equation of each charge-state and the diffusion equation
with the transport coefficient D of 1 nf/s and without the inward flow (v = 0 m/s). The
ambipolar electric field calculated from bulk plasma is negative (ion root), which contradicts
with experimental observations. For precise determination of electric field, we might include
impurity effects on the ambipolar flux calculation The radiation profile has two peaks
(central and near edge) corresponding to iron and low-Z (carbon and oxygen) impurities,
which qualitatively agrees with experimental data.
Typical radial profiles of effective thermal diffusivity are shown in Fig. 2.
d(T. +T)
dr

In higher density, detached small plasma and low-Z impurity radiation dominant phase, the

aw,
Xeg = Qg +Orr — i Y (n, )

thermal diffusivity is rather low. On the other hand, in the temperature increase, low
radiation and larger attached plasma phase, the diffusivity is shightly high. This transport

change might also contribute to the appearance of periodic relaxation oscillations.
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Fig.2 Breathing plasma waveforms and effective thermal diffusivity

3. Physics Modeling on Impurity-Induced Relaxation Oscillation in LHD

In discharges where the plasma touched wall elements of iron, an increase of the
electron density in excess of a critical level led to slow with a period of a second oscillations
in diverse plasma parameters, ¢.g., ¢entral and edge plasma temperature, integrated radiation
losses and intensities of selected spectral lines, line averaged density, etc. A physical picture
of this phenomenon proposed recently [5] implies the importance of radiation from both Fe

ions in the plasma core and light impurities of C and O at the edge. In phases with a hot edge



the sputtered iron particles penetrate into the plasma core and increase the central radiation
losses. This leads to reduction of the heat outflow to the edge and detachment due to
radiation of C and O. As a result the iron-sputtering source disappears and Fe ions diffuse
out of the plasma. The growing heat flow to the edge causes its reattachment.

With an ultimate goal to perform a self-consistent 1-D time-dependent modeling of
“breathing” oscillations by the code TOTAL this has been first run in its interpretive option
to reconstruct the behavior of transport coefficients, The results for the effective heat
conductivity are shown in Fig.2. A modeling of Fe ion transport gives a diffusivity of
0.15-0.25 nf/s in agreement with that obtained by the code MIST H]. These coefficients
have been used in a simple numerical model elaborated to check the mechanism of
"breathing" proposed in Ref.[5]. The model! includes a heat balance for the plasma edge and
core, the balance of the main particles and a 1-D time dependent description of the total
density of Fe ions with a self-consistently computed source of iron neutrals due to physical
sputtering of the divertor. As a result the time evolution of the plasma temperature at the last

closed magnetic surface and at the device axis,

of the line averaged density, total radiation

(

losses and luminosity of light impurities can be
simulated. Figure 3 shows an example of such
calculations for an NBI power of IMW. These
results are in agreement with measurements
including peculiarities of their time phasing.
The observed increase of the oscillation

frequency with plasma density » can be

reproduced firmly in computations if one

assumes that the impurity diffusivity varies

proportionally to n as it is predicted by Fig.3 Results of Numerical Modeling
neoclassical theory.
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