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Abstract

By changing the distribution of the coil currents in the helical coils of the large helical device (LHD) the plasma

could be scraped off on the stainless steel inboard wall at the last closed flux surface, eliminating the ergodic edge region

and helical divertor (HD) plasmas. During such NBI-heated discharges slow oscillations (1–2.5 Hz) have been observed

in the major global parameters. These oscillations exhibit many similarities to the �breathing� relaxation phenomenon
observed during long pulse experiments in LHD when the divertor material was stainless steel. These similarities include

a large core radiation fraction, significant radiation from the metallic impurities and dependence of the oscillation

frequency on density. In contrast, discharges using the graphite HD show hollow radiation profiles and reduced levels

of radiation from heavy impurities. Modeling shows that differences in the density dependence of the oscillation fre-

quency between the wall limiter and HD cases can be attributed to differences in the impurity diffusion between the core

and ergodic edge regions.
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1. Introduction

In toroidal magnetic confinement devices the edge of

the plasma is either determined by a limiter or by a

magnetic divertor. In tokamaks additional field coils are

used to divert the magnetic field lines from the confined

volume through a x-point to the strike plates in the di-
vertor region. Various divertor schemes have been useful

in limiting the effect of interactions between the plasma

and the wall on the core parameters [1]. Ergodic mag-

netic divertors have been used to spread out the heat flux

and control impurities [2,3]. Recently divertors using

magnetic islands have been successfully applied to W7-

AS [4]. The large helical device (LHD) is unique in that

it naturally has both an edge ergodic region and a

continuous helical divertor (HD) [5].

The selection of divertor material is important for

limiting the radiation from impurities as was seen in

LHD with the reduction of metallic impurity radiation

from the core immediately after replacement of the

stainless steel divertor with graphite tiles [6,7]. However,

radiation of heavy impurities from the core increased

with time after the installation of the graphite tiles which
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was attributed to deposition of stainless steel from the

walls on the graphite tiles during glow discharge clean-

ing [8]. During long pulse discharges with a graphite HD

a density window for impurity accumulation has been

observed which was attributed to changes in the neo-

classical transport [9]. In the presence of the stainless

steel divertor in LHD a slow oscillation known as

�breathing� was observed [10] which was attributed to the
repetitive influx from the divertor of sputtered metallic

impurities [11]. Modeling showed that during this os-

cillation cooling by the light impurities at the edge could

be playing an important role in turning off the sputtering

and source of heavy impurities, giving the plasma a

chance to recover [12,13]. Observations of changing

electron and iron density profiles during the oscillation

indicate that changing transport is also playing a role

[14]. In this paper we describe a similar oscillation that is

observed in LHD when the plasma is scraped off on the

inboard wall. We compare its impurity radiation prop-

erties to those of the breathing oscillation in the case of

the SS divertor and to those of a standard discharge with

a graphite divertor.

2. LHD, wall limiter operation and diagnostics

LHD is a 10 field period ðl ¼ 10Þ, 2 pole ðm ¼ 2Þ
Heliotron device with a major radius of R ¼ 3:5–3.9 m
and an average minor radius of ac ¼ 0:6 m [15]. The

plasmas described in this paper were heated by neutral

beam injection. For the discharges described in this ar-

ticle the magnetic field was 1.5 T with a magnetic axis

position of 3.75 for the stainless steel divertor case and

3.6 m for the other cases. The magnetic field is produced

by 2 helical coils and 3 pairs of vertical field coils, all of

which are superconducting. Each helical coil is divided

into three separately controllable windings providing the

flexibility to distort the elliptical shape of the magnetic

surfaces. By adjusting the currents through these wind-

ings the shape of the plasma can be fattened in the plane

of the helical coils by increasing c ðc ¼ mac=lRÞ. The
standard value of c for LHD is 1.25 and for the wall

limiter (WL) experiments described in this paper c is
increased to 1.265–1.28. This results in the divertor and

ergodic region plasma being scraped off on the stainless

steel (SS) inboard wall at the minor radial location, r, of
the last closed flux surface q ¼ r=ac ¼ 1. Due to the
three dimensional shape of the vacuum vessel the plasma

is scraped off at 10 locations corresponding to the to-

roidal angles where the vertically elongated plasma

cross-section is closest to the vacuum vessel.

Vacuum ultraviolet (VUV) measurements are made

using a Schwob–Fraenkel type spectrometer. Radiation

profiles were obtained using two bolometer arrays (32

channels total) viewing the vertically elongated cross-

section from a bottom port [16]. Inversion of the

cP 1:265 cases was made using the flux surfaces for
the standard c ¼ 1:25 case and normalizing the edge of
the plasma to q ¼ 1. Other data shown are from stan-
dard LHD diagnostics [17].

3. Comparison of wall limiter and helical divertor plasmas

Two discharges are considered. One with a graphite

HD ðc ¼ 1:25Þ and the other with a SS WL ðc P 1:265Þ.
These discharges have the same heating power (P ¼ 2:6
MW) and the same line averaged densities (ne ¼ 2� 1019
m�3) at the times selected. Other parameters at the se-

lected times are shown in Table 1. Going from HD to

WL cases the stored energy dropped by a factor of two

while the total radiated power increased by a factor of

3.5 with corresponding increases in the radiation from

light impurities. In Fig. 1 the radiation profiles for two

cases are shown. Comparing the profiles one notes that

while the radiation increased overall with the WL, the

core increase was most dramatic. This can be attributed

to the increase in the radiation from iron from the SS

wall, which is seen in the VUV spectrometer data shown

in Fig. 2.

4. Comparison of wall limiter oscillation with SS divertor

breathing oscillation

In Fig. 3 the evolution of the global plasma param-

eters are shown for two discharges, one with the SS WL

and one with the SS divertor. One notes that the pha-

sings of the signals are very similar. For instance (1) the

peaks in the total radiation precede the peaks in the light

impurity signals and (2) begin to decay shortly after the

signals from the light impurity radiation rapidly in-

crease. This is consistent with the ideas that: (1) iron

from the wall (WL case) or divertor (SS HD case) is

contributing to the total radiation signal, and that (2)

cooling of the edge temperature by the light impurity

Table 1

c ne (1019 m�3) Wp (kJ) CIII (AU) OV (AU) Prad (MW) Pin (MW) Prad=Pin (%)

1.25 (HD) 2 250 0.7 0.7 0.4 2.6 15

1.28 (WL) 2 110 2.5 3.2 1.4 2.6 55

WL/HD 1 0.4 3.5 4.6 3.5 1 3.5
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radiation reduces the divertor plasma temperature to

below the sputtering threshold leading to a drop in the

core iron content and its associated radiation [11–13].

Both cases have similar radiation profiles at the phase

where the signals from the light impurities are a mini-

mum as seen in Fig. 4. One difference is in the much

lower level of the density oscillation amplitude in the

WL case. The signal shown is from a central chord while

edge chords show a stronger oscillation. Another major

difference is in the frequency of the oscillation. This is

more clearly seen in Fig. 5 where the frequencies of the

oscillations are plotted versus density. In both cases the

frequencies increase with density with the WL case

having a higher frequency especially at the higher den-

sities.

5. Conclusions and discussion

In Section 3 it was seen that in the case of the WD

configuration the plasma performance was seriously

degraded which is attributed to the heavy influx of me-

tallic impurities from the wall compared to the case of

the graphite HD configuration. In the case of the

graphite divertor low levels of radiation from iron were

still observed in the VUV signals. These could be due to

iron coming from the previously mentioned thin coating

of stainless steel on the graphite divertor tiles [8] or due

to some other source such as charge exchange neutral

sputtering of the stainless steel walls.

In Section 4 we introduced a new example of a slow

plasma oscillation observed in LHD with a WL config-

uration. Similarities in the signal phasings and the de-

pendence of the frequency on density indicate that this

belongs to the same class of oscillations observed with

the SS HD known as �breathing�. The low amplitude of

Fig. 1. Radiated power profiles for (a) graphite HD case (shot

#12112 @ t ¼ 1:4 s) and (b) SS WL case (shot #12090 @ t ¼ 1:6
s) (in both cases hnei ¼ 2� 1019=m3). Estimated error is shown
with dashed lines.

Fig. 2. Emission spectrum from VUV spectrometer for SS WL

case (thin line) and graphite HD case (thick line) at the times

corresponding to those of Fig. 1.

Fig. 3. Evolution of global plasma parameters for (a–d) SS

helical divertor case (shot #6690) and (e–h) SS WL case (shot

#12084), (a, e) stored energy, (b, f) line-averaged density, (c, g)

total radiated power, (d, h) impurity radiation (OV – solid, CIII –
dashed).
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the density oscillation in the WL case indicates that the

density oscillation is not contributing significantly to the

oscillation in the core radiation, which is thought to

drive this phenomenon. This is consistent with the ob-

servations from the SS HD case where the core density

oscillation was seen to be out of phase with the oscilla-

tion in the core radiation [11].

The observed differences in oscillation frequency de-

pendence on density, ne, between the HD case and the
WL case in Fig. 5 can be explained in terms of a simple

model of the diffusion when we assume that the oscil-

lation is based on an impurity diffusion time, sI, which is
related to the diffusivity, DI, and oscillation frequency,
f , as DI / f ¼ 1=sI. In the HD case the diffusion time,
sHD, is the sum of the time it takes to diffuse through the
core, sc, and the time that it takes to diffuse through the
ergodic edge region, se, sHD ¼ sc þ se. In the WL case
the ergodic edge region is scraped off and the diffusion

time, sWL, is given by sc. The frequency of the WL case
can be modeled by a linear dependence on the density,

fWL ¼ 1=sHD ¼ 1=sc ¼ 1:1neð10�19=m3Þ / DWL ð1Þ

as shown by the dashed line in Fig. 5 and as predicted by

classical theory. For the HD case the data in Fig. 5 can

be modeled by assuming that the edge diffusion time is

given by se ¼ 0:18�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
neð10�19=m3Þ

p
and the oscillation

frequency is given as

fHD ¼ 1=sHD ¼ 1=ðsc þ seÞ
¼ 1=ð1=1:1ne þ 0:18

ffiffiffiffiffi
ne

p Þ / DHD ð2Þ

as shown by the solid line in Fig. 5. Therefore the dif-

ferences in density dependences of the oscillation fre-

quency between the WL and HD cases as seen in Fig. 5

may be explained by a difference in the transport char-

acteristics between the core closed field line region and

the ergodic edge region. In the case of the core region a

linear dependence on density is seen as predicted by

classical theory. However, in the HD case the diffusion

through the ergodic edge dominates at high density and

according to the model used to roughly fit the data the

diffusivity in the ergodic region decreases with increasing

density. This indicates that density screening of impu-

rities may be taking place in the ergodic edge region. It

should be noted however, that we have not considered

the role of temperature or input power, which may have

some effect on the frequency scaling.

Fig. 4. Radiated power profiles for (a) SS HD case (shot #6690

@ t ¼ 5 s) and (b) SS WL case (shot #12084 @ t ¼ 1:1 s). Es-
timated error is shown with dashed lines.

Fig. 5. Density dependence of frequency for oscillations with

SS wall limiter and SS HD. Dashed line is given by Eq. (1) and

solid line is given by Eq. (2).
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