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Abstract. In LHD during experiments using stainless steel divertor plates a ow (~ 1 second) cyclic oscillation
in the plasma parameters known as ‘breathing’ plasma was observed during NBI-heated long pulse discharges.
The core iron density, calculated from measured parameters using the cooling rate from a corona-equilibrium
average-ion model, oscillates out of phase with the electron density. The correlation of the iron impurity
concentration with the change in electron temperature and with the local power balance between radiation and
beam deposition indicates that when radiation from the iron impurity dominates the local power balance the
core plasma is cooled. The increase in the calculated iron density during the phase of the oscillation when the
divertor electron temperature exceeds the sputtering threshold suggests that sputtering of the stainless steel
divertor plate may be the source of the iron impurity. However the shortness of the delay time raises questions
about the causality between these two signals and points to the need for a closer examination of the role of
impurity transport in this oscillation.

1. Introduction

Impurities from the walls or other plasma facing components can enter the discharge in
magnetic confinement devices and degrade plasma performance through radiative cooling
and dilution of the fueling gas. While the effects of lighter impurities are limited to the
plasma edge, heavy impurities, which radiate at higher temperatures, have the ability to cool
the core plasma[1]. Due to the improved confinement of H-mode plasmas in tokamaks, the
resulting impurity accumulation may have serious consequences for steady-state reactor
operation [2]. In this paper we discuss a slow oscillation that has been observed in LHD [3]
and the role that heavy impurity radiation is playing in this phenomenon.

During the second experimental cycle of LHD a slow oscillation in the maor plasma bulk
parameters was observed during long-pulse neutral-beam operation which is known as the
‘breathing’ plasma [4]. An example of the global plasma parameters during a ‘breathing’
plasma oscillation having a period of about 1.5 seconds is shown in Fig. 1. One striking
feature of this oscillation is the relationship between the density, the total radiated power and
the spectroscopic signals of the light impurities during the rising phase of the density. In a
typical LHD discharge the radiated power rises with the line averaged density until a density



limit is reached and the plasma collapses radiatively
[5]. However, in the ‘breathing’ plasma, during the
rising phase of the density the total radiated power is
seen to rise initially then reach a peak equa to the
beam deposited power and decrease while the
density continues to rise. Meanwhile as the total
radiated power decreases the line radiation from the
light impurities, carbon and oxygen, increases
sharply. This suggests two things. First of al the
decrease in the total radiated power as the radiation
from light impurities increases indicates that iron, the
other intrinsic impurity, is strongly contributing to
the total radiated power. Secondly, the decrease in
the radiated power as the density increases indicates
that the radiation from iron is decreasing rapidly due
to either a change in the electron temperature
decreasing the cooling rate or a decrease in the
impurity density. In this paper, using measured
profile data we investigate the role that radiation
from heavy impurities may be playing in this
oscillation.

2. Contribution of impurities to the radiation
profile

In Figure 2 the emissivity, Saq, profile evolution
from bolometric measurements during the
‘breathing’ plasma oscillation is shown with the
impurity radiation from light impurities and the total
radiated power. The peaksat 0 =0.8 and p =1.05

at t = 5.2 seconds are well correlated temporally with
the line radiation from oxygen and carbon and the
minimum in the electron temperature profile a the
edge. This indicates that light impurities are
contributing to the radiation at the edge of the plasma
when temperatures are low. In addition, transport
modeling of carbon and oxygen and observations of
radiation from fully stripped carbon has indicated
that the total densities of these impurities remain
nearly constant during this oscillation [6]. The
correlation of the peak in the total radiated power
with the peak in the radiation profile at p = 0.4 and
a t = 5 s indicates that heavy impurities are
contributing to the radiated power in this region.
From spectroscopic measurements we know that
during this second experimental campaign, in
addition to carbon and oxygen, significant amounts
of iron also existed in the LHD plasma[7].
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Fig. 1 Evolution of (a) stored energy, (b)

line density, (c) total radiated and beam

absorbed powers and (d) C,, and Oy

light impurity brightness during LHD

shot #6690.
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Fig. 2 Evolution of (a) total radiation
emissivity profile, (b) radiation for light
impurities C;; and Oy, and (c) total
radiated power during shot # 6690.



3. Local parameter evolution and power balanceat p =0.4

By considering the cooling rates from the average-ion, corona-equilibrium model [8] for the
intrinsic impurities we have determined that iron is the major radiating impurity in the core
plasma. In order to investigate the role that iron may be playing in this oscillation we
calculate [6] the iron concentration, nge, a o0 =0.4 from the measured local parameters:

radiation emissivity measured using bolometer arrays [5], electron density, ne, and electron
temperature, Te, using the cooling rate for iron [8]. In Fig. 3 we plot the time variation of the
parameters ne, Te, Nre, and Sag a o =0.4. One notes, as was seen in the global plasma

parameters in Fig. 1, that the radiation oscillation is nearly out of phase with the electron
density oscillation. This indicates that the oscillation in the electron density does not
contribute to the radiation oscillation but detracts from it. The electron temperature at this
radius is seen to vary from 600 to 900 eV. From the cooling rate for iron [8] we know that its
temperature dependence in this range of temperatures is very weak. Therefore we can
attribute the oscillation in the radiation at this location entirely to the change of the iron
impurity density which is also shown in Fig. 3. Thisisin qualitative agreement with spectral
measurements from similar discharges such as those from the line emission from Fe™* [9]
and the line emission of beryllium-like Fe?** [6].

The beam absorbed power density derived
from the electron density and the beam
input power using the TOTAL code [10] is
also shown in Fig. 3b. Comparing these
curves shows that T drops when the iron
density is above 0.5 % of the electron
density. This is aso well correlated with
the period when the radiated power is high
and the absorbed beam power islow. This
indicates that when impurity radiation
from iron dominates the power balance, a
net cooling of the core plasma results.
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4. Sputtering of the divertor plates as a
possible source of theiron impurity
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In Figure 3c we show the electron
temperature from a swept Langmuir probe
in an inboard divertor plate [11]. If we
assume that the ion temperature equals the
electron temperature (which has been
observed to be the case in the edge
plasmas of LHD), and take the sheath
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potential to be 4T, for helium (assuming
singly-charged atoms), we can estimate
the ion energy, Eo, from the electron
temperature (Eo = 5T¢) and calculate the
sputtering yield, Y, using the revised
Bohdansky formula with &€ = E¢/Err and
Err =5517 eV, E, = 1954 eV and Q =

time (s)
Fig. 3 Evolution of (a) measured electron density
and temperature, calculated iron density, and (b)
measured radiation emissivity, beam deposition
power density at p = 0.4 and (c) the measured
electron temperature at the divertor and the
calculated sputtering yield, during shot #6690.



0.33 atoms/ion given for iron by Helium[12]. The sputtering yield calculated in this way is
multiplied by the electron density measured by the Langmuir probe to give a qualitative
estimate of the number of sputtered iron atoms. This is also shown in Fig. 3c. This
calculation of the sputtering yield indicates that there is a modulation of the sputtering of iron
during the oscillation. The strong correlation between the rise and fall of the iron density and
the modulation of the sputtering yield suggests that this process may be the source of the iron
impurity that is cooling the core plasma.

This hypothesis is further supported by evidence of the reduction of iron impurity radiation
and core and total radiation after the stainless steel divertor strike plates were replaced with
graphitetiles[7]. In addition, after the replacement of the stainless steel plates with graphite
tiles the same conditions for ‘breathing’ plasma were reproduced although with a 60%
increase in beam port-through power. In this case the density was raised on a shot-by-shot
basis by changing the initia gas puffing until the discharge was terminated by radiative
collapse. In this situation the highest non-collapsing line density was 6 times higher than that
of the ‘breathing’ plasma shots and the oscillation was not observed [13]. The fact that the
‘breathing’ oscillation could not be reproduced under similar circumstances after the
substitution of carbon tiles gives further credence to the hypothesis that the *‘breathing’
plasma may be caused by the repetitive influx of iron from the stainless steel divertor plates.

Taking a closer look at the sputtering yield and the calculated core iron density in Fig. 3, one
notes that the sudden turn-on of the sputtering and the rise in the iron density occur nearly
simultaneously. One would expect for finite impurity transport that initiation of iron
sputtering should precede the rise in the core impurity density by a delay time related to the
impurity transport time from the plasma edge to the core. The shortness of this time delay
raises doubts about the causality between the rise in the divertor electron temperature and the
implied sputtering of iron from the stainless steel divertor plates and the rise in the core iron
density.

Severa other sources of iron impurity other than the divertor plates should be considered.
Sputtering of iron by beam shine-through particles is unlikely as the beam dump is made of
graphite. Sputtering of the stainless sted walls by charge exchange neutrals has also been
suggested. While this possibility has not been thoroughly considered we think this is
unlikely due to the inability to reproduce the oscillation after the replacement of the stainless
stedl divertor plates by graphite tiles.

5. Conclusions and Discussion

We can draw several conclusions from this study of the ‘breathing’ plasmain LHD. First of
al, since the electron density is oscillating out of phase with the radiation and the
temperature dependence of the iron radiation at these temperatures is weak we attribute the
radiation oscillation to a change in iron impurity density. Secondly, when radiation
dominates the power balance the core plasma is cooled. Additionaly, evidence that the
divertor ion energy is oscillating around the sputtering threshold suggests that the steel
divertor tiles may be an intermittent source of the iron impurity. However, the shortness of
the time delay between the initiation of the sputtering and the increase in the core iron
density and the core radiation brings this role into question.

There are several aspects of this oscillation that are not well understood. Whileit is clear that



the change in electron density is not contributing directly to the radiation oscillation, we
don’t have a good understanding of why the electron density is oscillating and what role this
is playing in the oscillation. Another issue not yet completely clarified is the role of the
lighter impurities. While previous work [6] has indicated that the carbon and oxygen
densities are not changing significantly during the oscillation, they still play arole in the edge
cooling, especially when the edge temperature islow. Recently, this issue has been addressed
theoretically [14].

In addition to the change in the source of iron impurity that we are suggesting as a possible
explanation for this oscillation, we have observed evidence of a change in the transport from
a modification of the electron density profile during the oscillation. This evidence, in
addition to the absence of a diffusive time delay mentioned at the end of Section 4 and
discussed above, leads us to the conclusion that the role of changing transport in this
oscillation should be considered more carefully[15]. We plan to do so through transport
modeling of the iron impurity, which uses the sputtering yield resulting from the divertor
electron temperature as amodel for the changing source.
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