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Abstract 

In order to study impurity transport and radiation behavior nitrogen has been injected into the scrape-off plasma of 
limiter-dominated discharges by gas puffing or into natural magnetic islands at the plasma edge of separatrix-dominated 
discharges by a reciprocating erosion probe. Strong radiative plasma edge cooling with a reduction of the power flux to the 
limiter could be obtained. The accompanied degradation of the energy confinement and the observed decrease of the central 
electron temperature can partly be explained by the reduction of the effective heating power. At high plasma densities and 
sufficiently strong impurity injection phenomena well known from tokamaks, like plasma shrinking, plasma detachment 
from the limiters and MARFE's  were transiently observed. 
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1. Introduction 2. Experiment 

Significant power exhaust by radiation of impurities at 
the plasma edge is a promising possibility to reduce the 
power load to target plates in tokamaks or stellarators 
[1,2]. Configurational flexibility enables two approaches to 
radiative power exhaust to be examined in the W7-AS 
stellarator: 

(1) A boundary photosphere of the core plasma may be 
established by injecting impurities from the edge into 
limiter bounded magnetic configurations. 

(2) Impurities may specifically be injected and eventu- 
ally confined into magnetic boundary islands in order to 
provide a local heat sink, topologically separated from the 
core plasma. For both scenarios experiments were initiated 
to explore impurity source and transport properties, the 
location of the impurity radiation, its impact on global 
confinement and on power balance, respectively. 

* Corresponding author. Tel.: +49-30 2036 6164; fax: +49-30 
2036 6111; e-mail: hildebrandt@ipp-garching.mpg.de. 

W7-AS has a fivefold toroidal magnetic symmetry 
which has recently been completed by installation of two 
graphite limiters in each of the five modules. They are 
located below and above the equatorial plane at the in- 
board side [3]. Depending on the rotational transform t 
limiter-dominated operation with smooth flux surfaces (t 
about 1/3)  or separatrix-dominated operation with natural 
magnetic islands at the plasma boundary (~ about 1/2)  can 
be realized. The limiters intersect these islands to a degree 
which can be controlled by L and an additional vertical 
field. 

In the first approach the radiation level is adjusted by 
nitrogen injection from a valve near the outboard wall. The 
gas flow can be adjusted either to a programmed flow rate, 
or feedback controlled to obtain a programmed radiation 
level. The intensity of the 76.5 nm line of N IV has been 
used as the control variable. The gas flow rate has been 
absolutely calibrated. Nitrogen was chosen as the injected 
gaseous impurity because it has favorable recycling and 
radiation behavior (see below). These experiments have 
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been performed in limiter-dominated discharges. W7-AS 
has been operated with a boronized wall. 

In the second approach the impurities are to be injected 
into a region with magnetic islands which requires the 
impurity ion source to be localized with an accuracy of a 
few millimeters. This has been realized by impurity release 
from a reciprocating erosion probe. The probe has a stroke 
of 90 mm within 100 ms and stayed for a duration of about 
20 ms at the reversal point in the plasma. It can be 
poloidally shifted from the bottom to the outboard side to 
reach O- or X-point regions. The cylindrical probe head 
consists of a boronnitrid-casing of about 5 mm diameter 
and length and a small electrode of titanium or carbon of 3 
mm diameter and length on the front side. The probe was 
exposed to the plasma at floating potential or temporal 
biasing of the central electrode for measuring the incident 
particle flux and the electron temperature. 

These experiments have been performed in NBl-heated 
discharges with a 5/9-island configuration which exhibits 
an island with a radial and poloidal extension of a few 
centimeters (see Fig. 1). The dominant injected impurity 
was nitrogen released from the BN-ceramics of the probe 
head. 

In addition to standard diagnostics, the following diag- 
nostics were available for measuring the plasma parame- 
ters and for investigating the transport and radiation behav- 
ior of the impurities. Different Langmuir probes (including 
the erosion probe), a high energy Li-beam, thermography 
of a lower limiter, two 30-channel bolometer systems (see 
Fig. 1), two 36 channel soft X-ray cameras without absorb- 
ing foils, a VUV-survey spectrometer (SPRED), a VUV- 
spectrometer equipped with a rotating mirror for poloidal 
scans, CCD-camera systems with H c~- and CIII-filters in 
video mode for observing a lower limiter surface and for 
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Fig. 1. Cross section of the magnetic configuration with magnetic islands at the boundary. Also shown are the chords of the bottom 
bolometer channels. 
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tangential plasma viewing. Total power losses by radiation 
and to the limiters are derived from the local bolometry 
and thermography measurements assuming toroidal sym- 
metry. 

3. Modelling of impurity transport and radiation 

In order to describe the transport and radiation behavior 
of the injected impurities various models have been con- 
sidered. In the case of limiter bounded plasmas with 
smooth flux surfaces the 1D radiation and transport code 
IONEQ [4] has been applied. 2D or. 3D modelling is 
necessary to describe the impurity behavior in a plasma 
edge with magnetic islands. These models using a Monte 
Carlo Code are presented in a separate paper [5]. Fig. 2 
shows radiation profiles of the low Z impurities nitrogen 
and neon, and for comparison, of the medium Z impurity 
titanium calculated from the 1 D-model for an ECRH-heated 
discharge (heating power 260 kW) with moderate density 
((he) =4* 1019 m-3).The following values were used: 
major radius R = 2 m, effective minor radius of the last 
closed flux surface (LCFS) a = 0.18 m, and of the wall 
r w = 0.20 m, impurity diffusion coefficient 0.2 m2/s ,  cen- 
tral electron temperature T~(0)= 1100 eV, edge electron 
temperature Te(a)= 30 eV. The total radiated power is 
kept fixed at the arbitrary value P ( r  w) = 100 kW, For 
nitrogen and neon the gross radiation arises from Li- and 
Be-like ions. The maxima of the emissivity Q(r) are 
localized close to, but inside the LCMS. The second 
maxima deep inside the confinement region are due to H- 
and He-like ions. They contribute about 30% to the total 
power loss P ( r )  = 4~r2RfQ(r)r  ' dr'. In view of the re- 
quirement of low radiation within the plasma core, nitro- 
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Fig. 2. Local emissivity Q(r) calculated for the impurities nitro- 
gen, neon and titanium (input parameters see text). The vertical 
line indicates the limiter position, 

gen, radiating closer to the edge than neon should be 
favorable for relatively small devices such as W7-AS. 
Although for the same total power loss the central concen- 
tration is twice as high for nitrogen, the central dilution as 
expressed by the increase of Zef ~. is the same as for neon. 
The titanium radiation is more smoothly distributed over 
the plasma cross section. The two maxima of the radiation 
profile arise from Na- and Mg-like ions and Li- and 
Be-like ions, respectively. They are clearly inside the 
confinement region. Therefore a reduction of the effective 
heating power Pheat- Prad associated with a significant 
degradation of energy confinement in the core has to be 
much more expected for titanium than for nitrogen. How- 
ever, due to the small minor radius an influence of induced 
radiation on the central energy confinement seems to be 
possible even with nitrogen injection. 

4. Experimental results and discussion 

4.1. Nitrogen fuelling efficiency 

Wall pumping of nitrogen [6] proved to be sufficiently 
high for feedback control. Decay times have been deter- 
mined in a perturbation experiment with only small amount 
of nitrogen. After turning off the gas feed at the end of a 
phase of constant flow rate decay times of the order 
71" = 25 ___ 5 ms for N IV have been measured (discharge 
conditions similar to those given in Section 3). The central 
chord soft-X radiation exhibits a bi-exponential decay. The 
fast decay time of about ~-f = 25 + 5 ms is attributed to 
H- and He-like nitrogen. The slower decay time of about 
T3* = 70 ms is attributed to the transport of completely 
ionized particles from the plasma center, becoming radia- 
tive after recombination into H- and He-like ions. 

The fuelling-efficiency can be estimated by simple 
particle balance considerations. In steady state, the proba- 
bility f= that an injected impurity atom is confined in the 
plasma in the ionization state z is f ,  = N~/(@~-z* ), with 
the impurity flow rate q), the effective ion confinement 
time ~'z*, and the number of ions N,. The total fuelling 
efficiency is given by f =  F~f:. We use T,* = rl* for ions 
up to Be-like, ~-2 for H- and He-like and r f  for fully 
stripped ions. For the discharge parameters mentioned 
above an increase in soft-X radiation by an amount of 25 
kW is observed when nitrogen is puffed at a moderate rate 
of 4~ = 2.3 * 102o s - i .  This increase can be simulated with 
the I D code IONEQ by a total number of 1.4, l0 TM 

nitrogen ions. The contributions of the different charge 
states are 57%, for stripped ions, 36% for H- and He-like 
ions and 7% for ions up to Be-like. The central nitrogen 
concentration is 2.5%. From these data a total fuelling 
efficiency of only 15% is calculated. 

Because of this low fuelling efficiency a large amount 
of nitrogen has to be introduced into the vessel, which due 
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to the high sticking probability leads to the shot-to-shot 
build-up of an intrinsic nitrogen reservoir. However, this 
reservoir settled at a stationary radiation level an order of 
magnitude lower than that resulting with injection. Short 
(10 min) helium glow discharge cleaning was not effective 
in reducing this internal reservoir, but it decreased after 
stellarator discharges without external nitrogen puff. 
Therefore, long-term contamination of the vessel with 
nitrogen was not observed. 

4.2. Nitrogen puffing into limiter-dominated discharges 

The spatial distribution of the total radiation is shown 
in Fig. 3 for a discharge which is simultaneously heated by 
300 kW ECRH and 650 kW NBI power. For orientation, 
in the equatorial plane z = 0 the LCMS is located at 
R = 0.178 m (inboard) and at R = 0.215 m (outboard). In 
a reference discharge without nitrogen, intrinsic low Z 
impurities (boron, carbon) provide an already hollow radia- 
tion pattern, which appears asymmetrically enhanced at the 
outboard side. Nitrogen fuelling strongly increases edge 
radiation, in particular on the inboard side causing 
poloidally symmetric radiation in this case. The origin of 
these poloidal asymmetries in the low Z radiation pattern 
is not yet clear. 

Time traces for the previous discharge with strong 
nitrogen puff(@ = 5 * 1020 s i) and the unperturbed refer- 
ence discharge are shown in Fig. 4. For both cases the 
deficiency between power loss (sum of radiated power and 
power flowing to the limiters) and heating power is less 
than 10% during the quasi steady phase (IdW/dtl << Pheat 
= 950 kW). The radiation increased from 20% to more 
than 60% of the input power causing a corresponding 
reduction of the limiter load. The electron temperature near 
the LCFS decreased from 70 to 25 eV. During the injec- 
tion phase, both, the plasma stored energy and the central 
electron temperature degraded continuously with increas- 
ing radiation. The discharge recovered instantaneously on 
the nitrogen confinement time scale when the nitrogen puff 
was stopped. 

The degradation can partly be explained by the global 
W7-AS confinement scaling [7] r E ~ p-055, i.e. W ~ p0.45, 
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Fig. 3. Tomographically reconstructed radiation profiles from 
bolometry for a discharge with a strong nitrogen puff. 
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Fig. 4. Temporal traces of the diamagnetic energy, central electron 
temperature, radiated power and power loss to the limiters for a 
discharge of Fig. 3 with nitrogen puff from 0.25 to 0.45 s (b) and 
a reference discharge (a); Pheat = 950 kW, ( h e )  = 7 * 1019 m - 3 .  

where P = P h e a t -  erad with Pr,d as the measured total 
radiated power. Better understanding has to be gained from 
an energy transport analysis accounting for the radial 
distribution of the radiative heat sink. If the radiation level 
is further increased the discharge becomes radiatively un- 
stable. The maximum fraction of radiated power which 
could be maintained in quasi steady state increased with 
heating power from 33% at 200 kW to 60% at 1 MW. 

4.3. Nitrogen injection into magnetic islands 

The experiments have been performed with a nearly 
closed magnetic island, only intersected in the outermost 
region (~ about 0.570). The interaction of the plasma with 
the probe head is determined by the incident particle and 
power flux. With sufficiently high incident power an in- 
crease of the N IV emission line at 76.5 nm has always 
been observed indicating the release of nitrogen from the 
BN-ceramics. In contrast, emission lines of Ti (e.g., Ti 
XII) were scarcely found. 

The injection caused a sudden increase of the plasma 
density and a decrease of the electron temperature in the 
edge plasma as observed earlier [8]. At line averaged 
densities higher than 1 * 1020 m -3 the probe induced 
plasma shrinking. For example in a discharge with ( n e) = 
1 .6 .10 20 m -3 the plasma density within the island mea- 
sured by the probe itself decreased after a short sudden 
increase from 1.2 .10 20 m -3 before the injection to 
2* 1019 m -3 whereas the electron temperature dropped 
from about 60 eV to about 10 eV. This shrinking also 
observed by other Langmuir probes and the Li-beam was 
found to depend on the injected impurity amount indicated 
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by the intensity of the N IV-emission line. CCD-cameras 
viewing a lower limiter and the plasma edge tangentially at 
the inboard side with Hc~-filters showed plasma detach- 
ment from the limiter. These observations can be explained 
by a shift of the ionization zone towards the separatrix due 
to the strong decrease of the electron temperature in the 
island caused by the nitrogen injection. Results from a 
Langmuir probe array on the inboard side indicate that 
during the detachment the island configuration was not 
changed. 

Considering the signals of the different bolometer chan- 
nels it is generally found that radiation was mainly en- 
hanced on the inboard side during the injection as ob- 
served with gas puffing in limiter-bounded discharges (see 
Section 4.2). At line averaged densities of 1.6. l 0  20 m -~ 
strongly localized radiation zones at the inboard side (like 
MARFE's  in tokamaks [9]) are induced by the impurity 
injection. 

Fig. 5 shows the temporal evolution of the line inte- 
grated radiated power observed by the different bolometer 
channels in a contour plot for such a discharge. The probe 
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Fig. 5. Contourplot of the temporal evolution of the line integrated 
radiated power for the different channels of the top and bottom 
bolometer for a discharge with injection of nitrogen near the 
O-point region; Pheat = 1.2 MW, (n e) = 1.6. IO 2o m 3 
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Fig. 6. Temporal traces of the diamagnetic energy, the central 
electron temperature, the heating and total radiated power for the 
discharge of Fig. 5. 
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electrode was at floating potential at approaching the 
region of the O-point at a time of 0.305 s to reduce the 
effects of the impurity injection compared to the biased 
case. The enhancement of the radiation during the impurity 
injection is clearly visible. Looking at the signals of the 
top bolometer it is obvious that the radiation pattern is 
influenced by the island topology at the plasma edge. The 
signals from the bottom bolometer clearly show that the 
region of strongly enhanced radiation is localized below 
the equatorial plane. 

The total radiated power Prad increased by a factor of 
about 2 due to the impurity injection (see Fig. 6). The 
radiating region near the lower limiter (Fig. 5) contributed 
significantly to this enhancement. This corresponds to the 
observed reduction of the peak power flux density on the 
lower limiter surface. The highest power load on the 
limiter as measured by thermography is restricted to a 
small region where the island boundary contacts the limiter 
surface. During the injection the power flux density de- 
creased from 8 to 4 M W / m  2 in this contact region 
whereas the total power on the limiters Plim decreased 
from 400 to 300 kW. 

The stored plasma energy is transiently reduced by 
10% during the injection which is in accordance with the 
fact that the power losses (Pr~ + P l i m )  exceeded tran- 
siently the heating power deposited in the plasma core. 
The central electron temperature dropped from 380 to 330 
eV. The central Zen. increased from 1.2 to 1.45 at~ter the 
injection which can be explained by a central nitrogen 
concentration of 0.6%. 

Nitrogen injection induced by a biased probe closer to 
the separatrix or exposing them near the X-point caused 
enhanced radiation in a belt above the equatorial plane 
which was in contact with the upper limiter. A simultane- 
ous increase of N IV- and ClIl-radiation lines were ob- 
served in these cases indicating forced erosion of carbon 
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from the upper limiter which then radiated in the vicinity 
as observed also by the CCD-cameras with CIIl-filters. 
The camera which viewed the plasma tangentially revealed 
that the regions of enhanced radiation seems to be located 
near X-points. The increase of the central Zef f and a 
corresponding decrease of the central electron temperature 
is much stronger in these cases. However, with the radiat- 
ing region above the equatorial plane the peak power flux 
density to the lower limiter was reduced by 20% only 
which corresponds roughly to the degradation of the en- 
ergy confinement in the core in that case. 

This seems to limit the radiative stability and the maxi- 
mum fraction of radiated power. A clear indication that 
nitrogen which was injected into a magnetic island caused 
radiation from island regions could not be found. However 
the different radiation pattern after injection near O-point 
and X-point regions is a first sign that the source position 
may be of importance for the impurity transport and 
radiation at the plasma edge. 
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