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Dee-shaped discharges in the Doublet III device have the folloing
plasma parameters: maximum discharge current 1.0 MA, maximum mean density
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1. INTRODUCTION

Experimental study of dee-shaped plasmas in the Doublet III device
started in September 1979 [1]. The objective of the Joule heating
experiment was to obtain and assess stable discharges which could be applied
to the high power neutral beam injection. In concrete terms, the first
objective was to produce stable dee-shaped plasmas with high density and
high current. The second was to prepare boundary conditions which were able
to withstand high power input into the boundary without the release of

impurities from limiters and walls.

Dee-shaped plasmas in Doublet III are produced in the upper half of the
vacuum chamber. The maximum discharge current is over 1 MA and its Joule
input is more than 1 MW. Only Joule input power corresponds to a high
neutral beam power in medium—sized tokamak devices. Therefore, it is of
great interest and importance to determine whether impurities from the
Inconel wall and limiters are permissible or not in discharges with a Joule
input power level of 1 MW, and to evaluate whether titanium gettering is
indispensable for discharges with a high input power. Furthermore, this
data would be of help in judging the most desirable boundary‘condition for

forthcoming neutral beam heating experiments.

To date, stable dee-shaped plasmas with elongations of 1.0 - 1.6 have
been obtained. A maximum discharge current of 1.0 MA has been successfully
attained and a maximum average density of nearly 1.0 x 1014 cm=3 has been

achieved [2].

This report aims at accurately describing the impurity status of
dee-shaped plasmas with Inconel wall and limiters, both with and without
titanium gettering. In the next section, experimental conditions are
presented. Experimental results before and after titanium gettering are

reported in sections II and III, where the impurity influx is particularly
emphasized. In section V, the impurity accumulation near the plasma center,

which changes the current profile severely, is discussed. Lastly, we

discuss the status of impurities in dee-shaped discharges.
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2. EXPERIMENTAL CONDITIONS

Dee-shaped plasmas are produced in the upper lobe of the Doublet III
vacuum chamber as shown in Fig. 1. The vacuum chamber and limiters are made
of Inconel. the dee-shaped plasmas are limited by the primary limiter and
back-up limiters. The primary limiter is installed on the outer wall with
the distance between the primary limiter surface and the wall surface 5 cm
at the narrowest position. Three back-up limiters are located as shown in
Fig. 2. The back-up limiters are placed azimuthally along the length of the
vacuum chamber, and project 3 cm beyond the wall surface.

The diagnostic status is also shown in Fig. 2. Diagnostics affording
information on the impurity assessment are: a VUV monochromator, which
covers the range of the wavelength in 300 - 10 R; a bolometer array which
consists of 5 channels observed vertically; a soft X-ray array which has 12
channels and sights plasmas tangetially on the midplane; and a soft X-ray
spectrometer which also sights the plasma center tangentially.

In order to suppress light impurities, titanium was gettered on the
vacuum chamber surface. Titanium was installed at ¢ = 240°, as shown in
Fig. 2 and evaporated for 5 minutes between discharges. Approximately half

the surface of the vacuum chamber is coated.

Configurations of the dee-shaped plasmas are governed by feedback
controlled shaping coils around the vacuum chamber [3]. Plasma parameters
obtained are listed in Table 1. Time evolutions of a typical discharge
without titanium gettering are shown in Fig. 3. The discharge current
abruptly rises to 0.3 MA in a few msec due to the large electric field.
During the initial period of around 0.1 s the discharge is not entirely
stable, and the signals of the soft X-ray array repeat the abrupt rise and
fall. One of the reasons for this phenomenon is thought to be a too rapid
rise in the discharge current because the controls are unable to follow the
current rise. During this slightly unstable period, a strong plasma-surface
interaction such as arcing may occur, and impurities are thought to be
introduced into the discharge. This initial phase of discharge into a
dee-shaped plasma must be further investigated so as to develop discharges
without strong plasma-wall interaction. After this slightly unstable
initial period, the discharge current follows the pre-programmed shape.
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Hydrogen gas is introduced into the vacuum chamber just before the
start of the discharge. After initiation of the discharge, a pre-programmed
quantity of gas is supplied through the valve so as to obtain a
pre-determined density as shown in Fig. 3. The recycling rate of the
working gas appears to be close to one, because, after an interruption of

the working gas supuply the density seldom decreases.
3. EXPERIMENTAL RESULTS WITHOUT TITANIUM GETTERING

Discharge cleaning procedures for several days following venting and
for a few hours before each experiment suppress light impurities to within a
low level. Discharges with high densities have an effective ionic charge of
Zeff ~ 1.0. Spectrographic observations of the VUV spectrometer indicate
that the dominant impurities are oxygen and nickel. Discharges with low
density and/or high current are characterized by metal impurities. The
normalized density, mg * R/Bp, which is considered to indicate the cleanli-
ness of a vacuum chamber, has attained Ty * R/By = 3.4. This value corres-
ponds to one obtained in medium tokamaks with titanium gettering [4]. The
high value of the normalized density is thought to result from the cleanli-
ness of the vacuum chamber and the large size of the machine. The latter is
explained by the fact that radiation from light impurities is limited to the
area within the plasma boundary; therefore, the larger the machine, the
smaller the ratio of the radiated region width to the plasma radius. As a

result, a larger machine is of advantage in attaining higher density.

Impurity lines OV (192.9 A), NiXI (148.4A), and NiXXI (95.85A) were
studied by a VUV monochrometor for representative light and metal impuri-
ties. The behavior of the highly ionized metal impurity NiXXI emitted near
the plasma center will be discussed in section V in connection with impurity
accumulations near the plasma center. In this section, the impurity intens-
ities OV and NiXI, which are interpreted as being the impurity influx at the
plasma.boundary, are discussed mainly in relation to various plasma

parameters.

Figure 4 shows the density dependence of OV and NiXI. The discharges
in Fig. 4 show the K = 1.0 - 1.2 elongation and the discharge current in
Ip = 0.4 - 0.5 MA. When the density increases the OV intensity increase is
almost directly proportional to the density, while the NiXI intensity

_3_
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decreases. In particular, the NiXI intensity becomes very high during low
density, and the discharge changes into a disruptive one. This disruptive
discharge may be caused by the increase in nickel impurity influx. The
plasma boundary radiation density (0.67 { r/a < 1.0) measured with a
bolometer array is presented in Fig. 5. The boundary radiation density has
a minimum value at g = (2-3) x 1013 cm‘3, and increases in both low and
high densities. Figures 4 and 5 suggest that increase in boundary radiation
density in high and low density regions are caused by an increased influx of

nickel and oxygen impurities.

The behavior of the OV and NiXI intensities during varying discharge
currents are exhibited in Fig. 6. Discharges in Fig. 6 show an elongation
of 1.0 - 1.2 and a density of ~3.0 x 1013 em=3. The OV intensity is
independent of the current, and the NiXI intensity increases with the

increase in discharge current.

The amount of impurity released from limiters and/or walls depends
strongly on the plasma parameters at the edge. Figure 7 shows the profile
of electron temperatures-obtained by a microwave radiometer at the second
harmonic of the electron-cyclotron frequency. The measured temperature
profiles have ambiguity at the plasma edge, but these profiles obviously
indicate that nickel impurity increases with the increase of the electron
edge temperature. On the other hand, oxygen impurity seems to be
independent of the edge temperature. The OV line intensity depends on
electron density. There is no data on density at the plasma edge. It may be
that plasma edge density increases with greater mean electron density, and
the more enhanced interaction between plasma and surface results in a large
release of oxygen impurity. 1In the case of the density scan shown in Fig. 7
(a), radiation cooling by oxygen impurity decreases the edge temperature and
suppresses the release of nickel impurity. 1In another current scan [Fig. 7
(b)] the larger Joule input heats the edge temperature and multiplies the
influx of the nickel impurity.
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Discharges with an elongation of 1.5 have the same effect on demsity
and current as the ones described above for the OV and NiXI intensity.
These results from the impurity influx do not contradict those obtained in
other tokamaks [5]. The enhanced metal impurity influx is connected to the
high edge temperature which is caused by the high power input into the
boundary plasma. High current and/or low density discharges turn into

disruptive ones.

The VUV spectroscopic instrument is not calibrated. Therefore, the
absolute values of impurities are not available. However, the effective
ionic charge offers information as to the amount of impurity. Figure 8
shows the effective ionic charge at the plasma center calculated from the
central electron temperature and loop voltage. The amount of impurity at
the plasma center depends on transport phenomena. In particular, when
sawtooth oscillations exist, enhanced outward transport suppresses impurity
accumulation near the center and levels the effective ionic charge profile.
All the discharges presented in Fig. 8 have sawtooth activities. The
effective ionic charge is less than 3.0 and tends to decrease with the
increase of electron density. This tendency is the same as in other

tokamaks.

The effective ionic charge can also be derived from soft X-ray
emissions [6]. Figure 9 shows the profile of integrated soft X-ray
intensities measured tangentially with the soft X~ray diode array. The
dotted line in Fig. 9 is the hydrogenic bremsstrahlung calculated from the
measured temperature profile and the assumed density profile, i.e.,
parabolic density profile. This discharge has a density of ng = 5.0 x 1013
cm~3. The ratio of the measured X-ray intensity to the calculated
hydrogenic bremsstrahlung, called the enhancement factor, which originates
from the impurity, is approximately 3 at the center. The effective ionic
charge, which ‘can be estimated from the enhancement factor is almost 1l.l.

This fact is in good agreement with the Zg.¢ff (0) = 1.2 in Fig. 8.
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4., CHANGES RESULTING FROM TITANIUM GETTERING

In order to suppress light impurities, in the upper lobe of the vacuum
chamber is flushed with titanium. Since there is only one gettering system
in the torus, about half the chamber wall is coated, and the primary limiter
and the two backup limiters are only partially flushed. The flushing period
lasts for 5 min. between discharges with the averaged titanium thickness per

evaporation corresponding to~0.1 monolayers.

Time bahaviors of discharge parameters with high densities are shown in
Fig. 10. The difference between discharges with and without titanium
gettering 1s found in the quantity of gas supplied during a discharge. To
obtain the same rate in the increase of density as without titanium
gettering about 2.0-fold gas 1s needed in discharges with titanium.
Moreover, fairly large quantities of gas have to be supplied in order to

hold the density constant. This may cause a change in the recycling rate.

Changes in impurity emission on the OV and NiXI intensities are
displayed in Fig. 11. OV has an extreme quantitative reduction and does not
increase with increasing density. NiXI also reduces by a factor of two in
the high density region, but the increase on NiXI in the lower density
’region appears in higher densities than the one without titanium gettering.

Changes in radiation density at the plasma boundary as measured by the
bolometer array are shown in Fig. 12. There is no increase in high density
discharges. This seems to be a result of the suppression of oxygen

impurity.

The suppression of light impurities with titanium gettering leads to
the attainment of high density discharges. A comparision of maximum
densities before and after titanium gettering is exhibited in Fig. 13. A
normalized density, E; * R/By =4.5 1s obtained, which means that titanium

gettering has obviously been proven.
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5. IMPURITY ACCUMULATIONS AT THE PLASMA CENTER

One of the characteristics of a dee-shaped discharge is the
accumulation of impurities near the plasma center which severely changes the
discharge current profile and increases radiation density in the hot column.
This impurity accumulation is observed in discharges with lower densities

and higher discharge currents.

Time evolutions of discharge currents, loop voltages, line-averaged
electron densities, central electron temperatures, soft X-ray emissions, and
NiXXI emissions are shown in Fig. 15 (a). The soft X-ray signals near the
plasma center increase up to 0.3 s after an unstable initial period, and
then become steady. The soft X-ray signals near the center suddenly start
to go down at 0.41 s. During the decreasing of the soft X-ray, strong MHD
oscillations are observed on the soft X-ray signals near the center. The
profiles of the soft X-ray signals as shown in Fig. 15 (b) are before and
after strong MHD activities. NiXXI, which is considered to be emitted near
the plasma center, has a time behavior similar to that of the soft X-ray
signals. The large soft X-ray emissions are due to nickel impurities near
the plasma center. On the other hand, the time evolution of NiXI, which is
considered to be an influx from the wall and/or limiters, is constant after
‘the initial 0.1 s.

The profiles of hydrogenic bremsstrahlung for measured temperature and
density are plotted in Fig. 15 (b). The enhancement factor is needed in
order to adjust the calculation to the observed results. In particular, the
soft X-ray signals before MHD activities should use the large enhancement
factor, which indicates that impurities accumulate in the plasma center.

The enhancement factors and the effective ionic charges calculated from
them are shown in Fig. 16. 1In this calculation, the main impurity is

assumed to be nickel and in the derivation of Zggf value from the
enhancement factor we use the calculated table for iron instead of nickel

[6]. Figure 16 shows that impurities accumulate in the hot plasma column
before MHD activities, and that the accumulation is eliminated by MHD
oscillations, which seem to enhance an outward transport of impurities.
The impurity accumulation near the plasma center increases the
radiation density from the central region, 0 = r/a = 0.25. Figure 17 (a)
and (b) shows that the central radiation density depends on the soft X-ray

intensity. The radiation from the central region is due to the nickel
impurity.

_.7_
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6. DISCUSSION

The dominant impurities before titanium gettering are oxygen and
nickel, as mentioned previously. Moreover, when the density increases, the
OV intensity and the boundary radiation density increase in approximately
direct proportion to the increase in density. 1In discharges with titanium
gettering, the OV intensity is remarkably reduced, and the boundary
radiation density and OV intensity do not increase with high density,
Figure 18 presents the relation between OV intensity and boundary radiation
density with and without titanium gettering. This figure suggests that
boundary radiation due to oxygen impurity is dominant in high density
discharges without titanium, and that low density discharges have large
amounts of radiation at the boundary due to nickel impurity. Moreover, in
discharges with titanium gettering, radiation due to oxygen impurity seems
to occupy (1/2 -~ 1/3) of the total boundary radiation.

In discharges without titanium gettering, NiXI intensity depends on
plasma edge temperature. The NiXI emissions become strong in discharges
with lower density and/or high current. Figure 19 shows that NiXI intensity
increases with the increase of power P - pRT , which is trénsferred to the
scrape-off plasma and heats it. There is no data on the scrape-off plasma
.temperature, but Figs. 7 and 19 suggest that nickel impurity influx
increases with rising scrape-off plasma temperature. This is not in
contradiction with the fact that the cause for nickel impurity release from
the wall and/or limiters is sputtering by hydrogen and oxygen, as well as
self-sputtering. When Joule input power and/or neutral beam heating power
becomes greater, input power into the scrape-off plasma is a great deal more
than 1 MW. During this state, the vacuum wall and Inconel limieters are not
usable, because spdttering by the wall and limiters becomes very severe and

the multiplied influx of metal disrupts the discharge.
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No increase in boundary radiation density is observed during high
density discharges with titanium gettering. This results from the reduction
of oxygen impurity release from the wall and limiters. This suppression of
radiation density results in the increase of input power into the scrape-of f
plasma, and in some conditions of high current discharges, over 0.5 MW power
1s transferred to the scrape-off plasma. However, a severe increase in the
release of Ni impurity was not observed, and high boundary plasma
temperatures similar to those observed in discharges without titanium
gettering were not always observed. One of the explanations for the cooling
of the plasma boundary is the increasing gas supply during discharges. This
is a result of the fact that titanium flushing decreases the recycling of
hydrogen gas, which then causes an increased need in the hydrogen gas supply
greater by a factor of 2.0 than without titantium gettering. However, the
increased gas supply alone cannot explain the boundary cooling. In any
event, the results of discharges with titanium gettering are incomprehens-

ible and further investigation with high power Joule input is necessary.

Promising candidates for boundary conditions permitting large Joule
input and high neutral beam power are low Z material first walls or diverter
configurations. Carbon limiters with titanium gettered walls were
successfully used in PLT for~0.1 s of neutral beam heating with 2 MW [7].
.Longer periods of neutral beam heating should be investigated. Moreover,
impurity accumulations such as those observed in discharges with Inconel
limiters are feared to occur in discharges with carbon limiters. In order
to assess carbon limiters with high power input, experiments with Joule
input of more than 1 MW are going to be made with the DIII device in the
near future. Recently, Divertor configurations bhave been stably produced in
the DIII device. The small amount of impurities in the diverted discharges
i1s an encouraging result. The details of which are reported in Ref. [8].
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7. CONCLUTION

With the production of dee-shaped plasmas in the upper lobe of the
Doublet III device the initial objectives of the Joule heating experiments
have been reached. A maximum current of 1.0 MA, maximum mean density of 1.0
x 1013 cm'3, and elongation of 1.0 - 1.6 have been achieved. The following
conclusive results were obtained concerning the impurity status of
discharges with Inconel wall and limiters, both with and without titanium
gettering.

Discharges with Zggeg = 1 - 3 were obtained without titanium gettering
by means of effective discharge cleaning. The dominant impurities were
oxygen and nickel. Boundary radiation density increased in both the high

and low density regions, respectively,

The accumulation of impurities has been observed near the plasma
center. Highly ionized nickel impurities increase near the central region
while at the same time there is also an increase in central radiation
density. This accumulation is eliminated by the large amount of MDH
activity observed near the plasma center, which enhancés outward particle

transport.

Titanium gettering suppresses the influx of oxygen impurity. The
boundary radiation density does not increase in high density discharges.
This results in a 34% improvement of the maximum normalized density. There
is some incomprehensibility in discharges with titanium gettering. Further
investigation of discharges with high Joule power input is needed in the
light of the impurity assessment.
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Figure Captions

Fig' 1

Fig. 2

Fig. 3

Fig- 4

Fig. 5

Fig. 6

Fig. 7

Fig. 8

Upperﬁhalf cross-section of Doublet III device
Upper view of DIII device and diagnostics

Discharge with elongation 1.2. Ip: discharge current, Vi: loop
voltage, Teo: central Electron Temperature determined from
biharmonics electron cyclotron emission, ng: horizontal line-
averaged density, GAS: hydrogen gas supply during a discharge,
SXR: soft X-ray emission detected by a tangential PIN-diode

array.

Dependence of OV and NiXI intensities on the line-averaged
density. Discharge currents are 0.4 and 0.5 MA for 1.0 (V,0) and
1.2 (A,0) elongations, respectively.

Plasma boundary radiation density (0.67 = r/a £ 1.0) versus line-
averaged density. Radiation densities are determined by 5 channel
bolometer array. Discharges with currents of 0.4 - 0.5 MA and

elongation 1.0 - 1.2.

Dependende of OV and NiXI intensities on the discharge current.
Discharges have a line-averaged density of 3.0 x 1013 cm and
elongation of 1.0 (0,V) and 1.2 (O,A).

Electron temperature profiles determined by biharmonics electron
cyclotron emissicn. Elongation is 1.0. (a) The discharge current
is 0.4 MA (b) The line-averaged density is 3.0 x 1013 cm™3,

Central effective ionic charge derived from central electron

temperature and loop voltage assuming that central safety factor

is 1.0. Saw-tooth oscillations are observed in all discharges.
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Soft X~-ray emission profile (0) from 10 channel PIN-diode array.
Broken line presents pure hydrogenic bremsstrahlung calculated
from the measured temperature profile and the assumed parabolic
dencity profile. Solid line is the best fitting bremsstrahlung
including enhancement factor which shows 3.0 and 35 at r = 0 and
30 cm, respectively. Discharges are current of 0.6 MA, density of
5.0 x 1013 cm‘3, elongation of 1.5. The central enhancement
factor indicates that the central ionic effective charge 1is less

than 1.1.

High density discharge with titanium gettering. Discharge
current: Ip, loop voltage: Vp, central electron temperature: Tqq,
line-averaged density: Hé, supplied hydrogen gas, soft X-ray

emission.

Density dependence of OV (o,e) and NiXI (A, A); intensities with
(white) and without (black) titanium gettering. Discharge current
is 0.5 MA and elongation is 1.2.

Plasma boundary radiation density (0.67 = r/a = 1.0) versus the
line-averaged density with (black) and without (white) titanium
gettering. Discharge currents are 0.4 - 0.5 MA and elongations
are 1.0 - 1.2,

Stable maximum density versus toroidal field with (0) and without
(4) titanium gettering. The line-averaged density is horizontal

one, and q5 is 3.7

Central effective ionic charge with (e) and without (o) titanium
gettering, calculated from central electron temperature and loop
voltage assuming that central safety factor is 1.0. Saw-tooth

oscillations are observed on all discharges.
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Time evolution of plasma parameter and soft X~ray emission profile
before (o) and after (A) mhd oscillation. ﬁotted line is pure
bremsstrahlung calculated from the measured temperature profile
and the assumed parabolic density profile (before mhd activity).
Solid and broken lines are the best fitting calculated ones
including the enhancement factor before and after the mhd

activities, respe-tively.
Enhancement factors (Z) and effective ionic charges (Zg.ff) of the
discharge in Fig. 15. Suffixes A and B present after and before

the mhd activity.

Line~integrated soft X-ray emission through plasma center and

central radiation power density (0 = r/a = 0.33).

Relation between boundary radiation power density (0.67 =< r/a

A

1.0) and OV intensity with and without titanium gettering.
Relation between NiXI intensity and input power into scrape-off

plasma, (Pyy - Pg). Pyy is Joule input power and Pp is total

radiation power.
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Table 1

DEE-SHAPED PLASMA PARAMETERS

Discharge current

Loop voltage

Mean line density

Central electron temperature
Effective ionic charge

Electron energy confinement time

Toroidal field

Gas

Elongation

Plasma major radius

Plasma minor radius

Ip < 1.0 MA

ng < 1,0 x 1014 cm3
Teo < 1.5 keV

Zeff > 100

T € < 50 ms

E

Bt < 24 kG
Hydrogen

K< 1.6

R = 140 - 143 cm
a =43 - 45 cm
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Fig. 3 Discharge with elongation 1.2. Ip: discharge current, Vy: loop
voltage, Teo: central Electron Temperature determined from
biharmonics electron ‘cyclotron emission, ng: h;)rizontal line-
averaged density, GAS: hydrogen gas supply during a discharge,
SXR: soft X~ray emission detected by a tangential PIN~diode

array.
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Fig. 8 Central effective ionic charge derived from central electron

temperature and loop voltage assuming that central safety factor

is 1.0. Saw-tooth oscillations are observed in all discharges.
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Soft X-ray emission profile (0) from 10 channel PIN-diode array.
Broken line presents pure hydrogenic bremsstrahlung calculated

from the measured temperature profile and the assumed parabolic
density profile. Solid line is the best fitting bremsstrahlung
including enhancement factor which shows 3.0 and 35 at r = 0 and
30 cm, respectively. Discharges are current of 0.6 MA, density of
5.0 x 1013 cm'3, elongation of 1.5.

factor indicates that the central ionic effective charge is less

The central enhancement

than 1.1.
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High density discharge with titanium gettering. Discharge
current: Ip, loop voltage: Vi, central electron temperature: Teos
line-averaged density: ﬁé, supplied hydrogen gas, soft X-ray

emission.
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Fig. 11

Density dependence of OV (o,e) and NiXI (A, A); intensities with
(white) and without (black) titanium gettering. Discharge current
is 0.5 MA and elongation is 1.2.
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Fig. 12 Plasma boundary radiation density (0.67 = r/a £ 1.0) versus the
line-averaged density with (black) and without (white) titanium
gettering. Discharge currents are 0.4 - 0.5 MA and elongations
are 1.0 - 1.2.
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Stable maximum density versus toroidal field with (0) and without
(A) titanium gettering. The line-averaged density is horizontal

one, and q5 is 3.7
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Central effective ionic charge with (e) and without (o) titanium
gettering, calculated from central electron temperature and loop
voltage assuming that central safety factor is 1.0. Saw-tooth

oscillations are observed on all discharges.
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(v)
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BEFORE 0SC.

Time evolution of plasma parameter and soft X-ray emission profile

before (o) and after (4) mhd oscillationm.

Dotted line is pure

bremsstrahlung calculated from the measured temperature profile

and the assumed parabolic density profile (before mhd activity).

Solid and broken lines are the best fitting calculated ones

including the enhancement factor before and after the mhd

activities, respectively.
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Fig. 18
Relation between boundary radiation power density (0.67 = r/a £
1.0) and OV intensity with and without titanium gettering.
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Fig. 19

Relation between NiXI intensity and input power into scrape-off
plasma, (Pyy - Pgp). PjN is Joule input power and PR is total

radiation power.




