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Characteristics of edge localized mode (ELM/ERP) during H-mode
plasma of JFT-2M were investigated. It was found that ELM/ERP is mainly
a density fluctuation phencmena in the edge, and electron temperature
in the edge except just near the separatrix is not very much perturbed.
Several experimental conditioms to controll ELM/ERP are, plasma density,
plasma ion species, heating power, and plasma current ramping. ELM/ERPs
found in low density deuterium discharge are suppressed by raising the
density. ELM/ERPs are pronounced in hydrogen plasma compared with

deuterium plasma. ELM/ERPs seen in hydrogen plasma or in near marginal
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H-mode conditions are suppressed by increasing the heating power.
ELM/ERPs are found to be suppressed by plasma current ramp down, whereas
they are enhanced by current ramp up. MHD aspect of ELM/ERP was in-
vestigated., No clear MHD features of ELM/ERP were found. However,
reversal of mode rotation seen imediately after ELM/ERP suggests the

temporal return to L-mode during the ELM/ERP event.
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1.Introduction

Since the first discovery of the enhanced confinement mode, H-mode, edge localized lo-

calized phenomena named edge localized mode (ELM) in ASDEX_I’Z)
3)

, or Edge

Relaxation Phenomena(ERT) as reported on PDX™ have been observed during H-mode.

This phenomena is characterized by the frequent bursts or spikes in the signal of Ho/D g

emission or in B magnetic probe signals. Also bursts of charge exchange neutrals and
transport of impurity ions from the bulk of the plasma to the periphery are reported4).
This is called edge localized mode, because its activities are only seen in the plasma

periphery. however fast growing spikes in the Ho/Dgq signals are becoming the defini-
tion of ELM/ERP in practical sense, and spikes seen during H-mode can be loosely
called ELM/ERP. In this paper we follow this convention.

Although ELM/ERP is the very edge localized phenomena, it clearly affects the global
confinement characteristics of H-mode plasma. Particle and energy confinement are
deteriorated by ELM/ERP. When ELM/ERP is absent, a radiation loss or density in-
creases very strongly resulting in a rather short termination of H-mode . A presence of
ELM/ERP sometimes establish a prolonged quasi steady state H-mode.

Then, active control of ELM/ERP, not only suppressing but also creating ELM/ERP,
becomes the important issue.

Also a study of ELM/ERP is very important to improve our understanding of H-mode
transition physics. Recently, ELM/ERP is speculated to be a short L-mode phase. Edge
plasma conditions required for H-mode maybe so marginal in ELM/ERP case, plasma
can go back and forth between L and H state. Or, there must exist the self s.tabi]jzing
mechanism which quickly bring the plasma back to H-mode state so quickly.For exam-
ple, DIII-D experiment shows that destabilization of an ideal ballooning mode at the
edge triggers giant ELM. Suppression of ELM/ERP probably mean the plasma condition
at the edge becomes more favorable for H-mode. “

On JFT-2M, controlling parameters of ELM/ERP were experimentally studied. Also,
MHD nature of ELM/ERP were examined from the analysis of Be probe array

measurements.

2.Experimental setups

2.1 JFT-2M tokamak
JFT-2M is a tokamak with non-circular cross section with the major radius of 1.31 m.
The maximum horizontal minor radius determined by the fixed carbon limiter is

0.35 m, and the distance from the center of the machine to the top carbon limiter is
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0.55 m. It has divertor carbon tiles on the bottom floor and on the top ceiling of the
vessel, so that the single null and double null divertor discharges are possible. The
Maximum toroidal magnetic field is 1.4 T, and the maximum plasma current is 500
kA with a limiter configuration, and 380 kA with a divertor discharge.
2.2NBI system ' ;
JFT-2M has co-and counter- tangential beam lines. Each line injects

maximum of 850 kW of the beam power in hydrogen species into the torus.

3.Experiments

3.1 Locality of ELM/ERP

Locality of ELM/ERP was studied by electron cyclotron emission measurement on
JFT-2M, and it was found that the ELM/ERP activity was not clearly detected by ECE
inside the separatrix surface. Emmett layer in the plasma periphery was scanned shot by
shot over the edge region from 6.3 cm inside to 2.5 cm outside of the separatrix surface
in the outboard midplane by changing the toroidal magnetic field. In terms of relative

radial position with respect to the separatrix position,r=a, the range of this scan is from
r/a=0.7 to r/a=1.1. In Fig.1, Hg/D g emission and the second harmonic ECE at 90 GHz

are shown in each 6 radial 'positions. Near the separatrix, an optical thickness of the
plasma is quite thin at this second harmonic, and a emission intensity is not simply
proportional to a electron temperature, but it is also dependent on the electron density.

Figure 1(a) shows the emission from 6.3 cm inside of the separatrix, which is 77 per cent
of the minor radius position. No clear change of the signal associated with ELM/ERP can
be found there. In that minor radius position, plasma should be thick enough so that the
emission intensity is very weakly dependent on density. At this position, ELM/ERP is at
least not the perturbation in electron temperature. Small perturbation can be observed in
the ECE signal from 84 % of minor radius position shown in Fig.1(b). This layer is still
opﬁca]ly thick. At94 % of the minor radius position, as seen in Fig.1(c), some correlation

between the fluctuation of ECE signal and the spikes of Ho/D g, signal could be found,
but not very clear. Signals from outside of the separatrix surface are shown from Fig(d)
to (f). ELM/ERPs are now very clearly seen in the vicinity of separatrix in the scrape off
layer. We must note that in the scrape off layer, the optical thickness is very thin, and the
intensity of ECE signal is also dependent on density.

From these observations, ELM/ERP , not like sawtooth activities, do not accompany

with the heat pulse propagation well inside the separatrix surface. Another word, its
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pulsive characteristics imagined from Hg/D, signals in heat transport was not clearly
found in the plasma inside the separatrix. Also, ELM activity may originate from the
very edge region. Another clear observations about ELM/ERP is the sudden loss of
particles near the edge region. It is always seen that FIR interferometer line averaged
electron density measured verﬁcally at R=110 cm (center of plasma is around R=130 cm)
takes a dip at ELM/ERP event, whereas the central cord density does not change.

3.2 controlling parameters of ELM/ERP

Under certain experimental conditions, ELM/ERP can be suppressed or enhanced.on
JFT-2M. To understand the physical mechanism of ELM/ERP, a careful study of the
experimental conditions which are controlling ELM/ERPs is very important. In general,
ELM/ERPs are seen near the marginal H-mode conditions. For example, ELM/ERP can
be seen when. the heating power is just above the threshold power of the H-mode
transition. And it goes away when the heating power is raised. Also, when the electron
density is just above the minimum electron density necessary for H-mode, ELM/ERP
appear. Or, ELM/ERP often starts appearing near the end of quiescent H-mode, just
before it returns to L-mode. Detailed measurements of periphery are necessary to find
the common features among these conditions which were not possible on JFT-2M.
However, in the following section, experimental conditions controlling ELM/ERPs on
JFT-2M in the single null divertor configuration will be cataloged.

3.2.1 effect of density on ELM/ERP

There is a minimum electron density necessary for H-mode transition on JFT-2M. Just
above this density, we usually see ELM/ERP during H-mode. Figure 2 shows the low
electron density and ELM/ERP case. In the figure, ECE signal from 90 % of the minor
radius position, one turn loop voltage, stored energy determined from the diamagnetic
measurement, total radiation loss, line averaged electron densities vertically measured at

two cords showing the broadness of the density profile, the ratio of these two line

averaged electron density, Ho/Dg, signal and neutral beam injection power are shown
from the top to the bottom. Here, the effect of ELM/ERP on the evolution of electron
density and radiation loss is very clear. Radiation loss is kept below the level of
L-mode-pre-transition phase during the H-mode. Electron density profile becomes
broad compared with that of L-mode phase, but the increase of electron density during
H-mode is very mild.

In the same series of the experimental runs, ELM/ERPs were clearly suppressed simply
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by raising the density. Figure 3 show the higher electron density case with very similar
discharge conditions and even smaller heating power. No ELM/ERP are seen in this
case, and the increase of radiation loss and the electron density is much stronger than the
low density case. Both cases are hydrogen beam injection into deuterium plasma.
Comparing two shots, power deposition into the peripheral region in the lower density
case is not smaller than that of high density case and edge electron temperature from
ECE is even higher than that of high density case. Also, in this deuterium plasma case,
ELM/ERPs are usually seldom seen except this low density case, and near the end of
long H-mode phase just before it returned to L-mode due to the increased radiation loss.
Even, when the heating power is small and just above the threshold power ELM/ERP do
not appear, provided the electron density is high enough.

3.22 effect of plasma species on ELM/ERP

On JFT-2M, hydrogen plasma is more susceptible to ELM/ERPs compared with
deuterium plasma. Figure 4 shows the hydrogen beam injection into hydrogen plasma
case with almost similar operational conditions with the case of Fig.3 where deuterium
plasma was used. In both cases, beam injection power was about 670 kW, and ELM/ERP
appear in hydrogen plasma case. This isotope effect could be partly due to the strong
effect of heating power on ELM/ERP in hydrogen plasma which will be mentioned in
the next. In this hydrogen plasma case,the NB heating power was only 100 kW above the
H-mode threshold heating power. Whereas the threshold heating power in deuterium
plasma of Fig.3 was 340 kW. Both threshold powers are higher than the best cases

because Ti-gettering were not employed in both cases.

3.2.3 effect of power on ELM/ERP

Effect of heating power is clearly seen especially in hydrogen plasma. In hydrogen
plasma, ELM/ERP is seen when the heating power is near the H-mode threshold power
no matter high the electron density is raised. Two hydrogen plasma discharges with low
heating power and high heating power are compared in Fig. 5 and in FIg. 6. NB injection
heating power is 660 kW in case of Fig. 5 and 1400 kW in case of Fig.6. When the heating
power is small, small and frequent ELM/ERP appear and increase of radiation loss and
electron density is small during H-mode. Note that energy content of plasma is almost
doubled from L-mode to H-mode, which is not always the case on JFT-2M, especially
with deuterium plasma cases. When the heating power is high, ELM/ERP do not show
up, and increase of radiation loss is such strong that plasma stored energy decrease in

later phase of H-mode.
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3.24 effect of current ramping on ELM/ERP

Effect of plasma current ramping on ELM/ERP was clearly found in the course of the
current ramping experiments on JFT-2M with single null divertor configuration and
hydrogen neutral beam injection into hydrogen plasma. First, plasma current was

ramped up at the ramping rate of 350 kA /s and the case is shown in Fig.7. In the figure,

Ho/Dgq signal, plasma current, loop voltageradiation loss, line averaged electron
densities at the central and peripheral cord, ratio of these line averaged electron
density, ECE at 90 GHz from the periphery, radial position of this ECE emission layer
normalized by the minor radius, and the neutral beam injection power are shown from
the top to the bottom. In this case, the first H-mode transition takes place at 730 ms, and

the second further transition takes place at 760 ms. Broadness of the electron density

profile shown by the ratio of two line averaged electron density, 1ef=- 21 cm) /n = - Tem) js
one of the good measure of the transition state. It clearly shows the broadening of the
profile by two steps. Similar traces are shown in Fig.8 where the plasma current was
ramped down at the same ramping rate. In this case, ELM/ERPs are very much

suppressed compared with the ramping up case. H-mode transition in this shot took

place at 725 ms. Spikes in Hy/D ¢ in the initial phase of H-mode are suppressed by 750

ms, and the radiation loss starts increasing more strongly than the H-mode phase with
current ramp down in the previous figure. But, the H-mode state terminates rather
shortly at 830 ms, and then radiation loss starts declining and the density profile begins
to shrink.

Plasma current was ramped down and up more steeply at the rate of 700 kA./s. Time
evolutions of the same plasma parameters as Fig.7. and 8 are shown in Fig.9 with
ramping down and up case, and in Fig.10 with ramping up and down case. In case of
Fig.10, H-mode which started from 725 ms lasts until the end of NB pulse. During the
ramp up phase, central line averaged electron density increases, but the radiation loss
decrease due to ELM/ERP activity. In case of Fig.10, H-mode starts from 720 ms and
ELM/ERP activity is suppressed 30 ms after the start of ramping down. And H-mode
terminates rather early, at 870 ms. In both cases it is clearly shown that during the
ramping up period, ELM/ERPs are enhanced, and during the ramping down phase,
ELM/ERPs tend to be suppressed.

It is worth while taking notice of the fact that H-mode is taking place dufing the strong
current ramping. down phase when the loop voltage is negative. Here, loop voltage is
the average of inner and outer flux loop voltage, and the effect of the plasma movement
for this loop voltage measurement was almost negligible. This should clearly contradicts

the physical model of H-mode proposed by BishopS).
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3.3 Analysis of By probe data

It is natural to expect that ELM/ERP has a MHD activity nature, since the effect of
current ramping is very clear. It could be a surface kink type MHD, due to the surface
plasma current density. Then it is very important to study the MHD nature of H-mode or
ELM/ERP. 12 arrays of By probe data were analyzed to estimate the MHD mode
structure of ELM/ERP. B, probes mainly detects magnetic fluctuations caused by scrape
off layer current fluctuations. Although, in many cases, it reflects MHD fluctuations of
main plasma especially, in low n and m number modes. On JFT-2M, array of 12 B¢ probes
shown in Fig. 11 were installed only in one toroidal position, and n number can not be

determined.

3.3.1 MHD analysis of H-mode discharge

Single null divertor discharge of shot number 39748 whose shot data are shown in Fig. 2
was chosen as an example of MHD analysis from B, probes poloidal arrays. First, we
show the contour plot of probe signal intensity in time and poloidal angle. Horizontal
axis is time, and vertical axis is the poloidal position of probes in angle, starting from the
inside mid-plane to top, outer mid-plane, bottom, and the inner mid-plane. m=2 mode
rotates in the electron diamagnetic direction at a frequency of 4.7 kHz during Ohmic
phase. Co-injection neutral beam starts from 700 ms. The frequency of this rotational
does not change within + 0.1 kHz after the onset of beam injection. This may suggest
that the toroidal rotation of the surface where this fluctuation originates does not change
more than 800 m/s by the injection of this 1 MW neutral beam. As can be seen from
Fig.12, H-mode transition takes place around 734 ms. Figure 13 shows the same contour
plot from 732 ms to 734.5 ms. At the transition, the m=2 mode suddenly changes the
direction of rotation, and then the amplitude of this oscillation dies down. This could be
due to the sudden change of toroidal rotation speed in the edge or the sudden change of
the poloidal rotation.

3.3.2 MHD analysis of ELM/ERP
Fig. 14 shows the magnetic probe data, ECE signal from the periphery, peripheral cord

line averaged electron density and Ho/D  signal around the ELM/ERP event. ELM/ERP

takes place just before 756 ms and the ECE signal and line averaged electron density in

the periphery take a dip at that instance. A peak in Ho/Dg signal is seen around that
time, although it has only 1 ms of time resolution and is not appropriate to match the



JAERI-M 89-020

timing of ELM/ERP. ECE and density information in this figure have 0.2 ms of the
resolution. At the onset of ELM/ERP, strong m=1 mode fluctuation appear in magnetic
probe signals. Signal BPO1 and BP14 are separated by almost 180 degree in poloidally,
and they are out of phase. about 1 ms later another mode of fluctuation appear. A
structure of this fluctuation can be seen from the contour plot of magnetic probe signals
in Fig. 15. It is m=2 and the rotation would be in the ion diamagnetic direction. This
mode is rather strongly localized in the bad curvature region, and this localization must
be even stronger on the separatrix surface, since the distance between the separatrix
surface and the probe of low field side in the midplane is more than two times as large as
that of high field side.

The similar analysis was made with the current ramping shot where plasma current was
first ramped down from 700 ms and then ramped up from 750 ms at the ramping rate of
1.6 MA/s. Co-directional neutral beam was injected from 700 ms to 900 ms. H-mode
transition took place around 730 ms during the strong ramping down phase. Three
ELM/ERPs from 790 ms to 810 ms, near the end of ramping up are show in Fig. 16.
Signals of nine B, probes, ECE from the periphery, line averaged electron density in the

periphery, and Ho/D q signal are shown in the figure from the top to the bottom. Here,

Ho/D o signal has only 1 ms of the time resolution while ECE and density information in
this figure have 0.2 ms of the resolution. Timing of ELM/ERP could be best determined
from ECE signal with 0.2 ms of accuracy. In this ramping case, we can not find any
MHD fluctuations which precede or synchronize with ELM/ERPs. We rather find the
fluctuation which follows ELM/ERP. Structures of these fluctuations are shown in Fig.
17 and in Fig.18. Figure 17 show the contour plot of probe signals from 795 ms to 800 ms.
m=1 mode is not seen at the timing of ELM/ERP, and the m=2 mode rotating in the ion
diamagnetic direction is very shortly seen on the bad curvature region. It is more clearly

shown in Fig. 19 where contour of 800 ms to 805 ms is plotted.

4.Discussions

ELM/ERPs dumps n. near the edge, but it does not affect electron temperature very
much inside the separatrix surface. Right after ELM/ERP, Ne, or probably ni are quite
enhanced near the edge. This may suggest that the H-mode is not directly controlled by
the mixing length in the edge.

Reversal of mode rotation, and enhanced H, /D, emission associated with ELM/ERP
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timing of ELM/ERP. ECE and density information in this figure have 0.2 ms of the
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transition took place around 730 ms during the strong ramping down phase. Three
ELM/ERPs from 790 ms to 810 ms, near the end of ramping up are show in Fig. 16.
Signals of nine B, probes, ECE from the periphery, line averaged electron density in the

periphery, and Ho/D g signal are shown in the figure from the top to the bottom. Here,

Ho/D o signal has only 1 ms of the time resolution while ECE and density information in
this figure have 0.2 ms of the resolution. Timing of ELM/ERP could be best determined
from ECE signal with 0.2 ms of accuracy. In this ramping case, we can not find any
MHD fluctuations which precede or synchronize with ELM/ERPs. We rather find the
fluctuation which follows ELM/ERP. Structures of these fluctuations are shown in Fig.
17 and in Fig.18. Figure 17 show the contour plot of probe signals from 795 ms to 800 ms.
m=1 mode is not seen at the timing of ELM/ERP, and the m=2 mode rotating in the ion
diamagnetic direction is very shortly seen on the bad curvature region. It is more clearly

shown in Fig. 19 where contour of 800 ms to 805 ms is plotted.

4.Discussions

ELM/ERPs dumps n. near the edge, but it does not affect electron temperature very
much inside the separatrix surface. Right after ELM/ERP, Ne, or probably Mi are quite
enhanced near the edge. This may suggest that the H-mode is not directly controlled by
the mixing length in the edge.

Reversal of mode rotation, and enhanced H, /D, emission associated with ELM/ERP
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suggest a temporal return to L-mode triggered by ELM/ERP. More precisely, ELM/ERP
could be defined as fluctuations or small change of the plasma condition which tempo-
rary destroys the H-mode condition in the edge. In a broader sense, ELM/ERP event in-
clude the short L-mode phase when H,, /Dy, emission is strongly enhanced. Then, an im-
portant question is what kind of instability or mode happens. Certainly, MHD instabili-
ties are good candidates. The experimental observation in JFT-2M that ELM/ERPs are
strongly affected by the current ramping suggests MHD activity associated with the cur-
rent gradient in the edge. Considering its very fast time scale and low m number nature,
it could be an ideal MHD mode. However, no unique MHD signal of ELM/ERP can be

found in JFT-2M. In case of current ramping experiment, any clear MHD activities can-

not be detected by By probes at ELM/ERP. It is more likely that there exist several mech-
anisms responsible for ELM/ERP. Good example is the observation in DITI-D, the exces-
sive pressure gradient invoking the ideal ballooning instability in the steep density gra-

6)

dient region triggers a giant ELM/ERP ~’. Probably it is giant because it happens at the

very steep pressure gradient, and the break of transport barrier associated with the
ELM/ERP event result in release of huge particle and energy from the edge. However,

most of ELM/ERP in JFT-2M happen near the power threshold, and they are suppressed
when the heating power is raised, which are contrary to DIlI-D result. This suggest most
of ELM/ERP in JFT-2M are not like giant ELM/ERPs, and they happen far below the
ideal ballooning limit.

Most of the experimental conditions favorable for ELM/ERP are at the same time un-
favorable conditions for H-mode transition. If the edge plasma parameters well satisfy
the H-mode conditions, a small perturbation caused by MHD activity or other instability
will not destroy the H-mode conditions. And certain plasma parameters also control this
MHD activities or instabilities in the edge. Therefore, if we can suppress ELM/ERP by
changing certain plasma parameters, it is not very clear if the plasma was brought into
more favorable state for H-mode or the edge instability which was triggering ELM/ERP
was simply stabilized. This is well illustrated by the case of current ramping. ELM/ERPs
are very much affected by the ramping suggests they are controlled by the current gradi-
ent at edge. At the same time, we can see H-mode does not require edge ohmicaly driv-
en current and in general not too sensitive to j{r} near the edge, because H-mode state is
maintained or transition can be seen when the surface voltage V is negative or positive

due to the strong current ramping down or up.
5.Conclusions

1.ELM/ERPs dump particles in the edge, but edge electron temperature except just
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5.Conclusions

1.ELM/ERPs dump particles in the edge, but edge electron temperature except just
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near the separatrix is not very much affected by ELM/ERP.

2. ELM/ERPs occur near the power and ne thresholds and this suggests regular
ELM/ERPs in JFT-2M are not associated with a maximum in the pressure gradient

at the edge.
3.ELM/ERPs affected by V,(edge} suggests they are associated with the current gradi-

ent at edge. Incidentally, it was indicated that H-mode does not require edge ohm-
icaly driven current, and in general not too sensitive to j(r) near edge.

4. Enhanced Hg/Dy emission, and following reversal of mode rotation seen at
ELM/ERP suggest the temporal return to L-mode during the ELM/ERP event.
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early .
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Fig.11 Arrangement of Bg probe arrays in JFT-2M.
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Fig.12 L-H transition phase of the shot shown in Fig.2 was blown up. Signals of 8 ﬁg
probes whose location can be identified by Fig.11, edge electron temperature,

peripheral chord line average line density, and Hy/D, emission are shown.
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Fig.13 The contour plot of magnetic probe signal intensity in time and poloidal angle.

Vertical axis is the poloidal angle coordinate with 0 at the outer midplane, g/

at the top of the vessel, and 5 /2 at the bottom of the vessel. Horizontal axis is

time. m=2 mode is rotating in the electron diamagnetic direction first, and the

sudden change of the rotational direction is seen at the transition following the

suppression of the m=2 mode.
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Fig.14 Similar time evolutions of signals as Flg.12 showing ELM /ERP around 756 ms.
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Fig.15 Magnetic contour surface plot similar to Fig.13 around an ELM/ERP event

shown in Fig.14.
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Fig.16 Signals of 8 Bq probes, edge electron temperature, peripheral chord line average
line density, and He/D, emission near the end of strong current ramp up phase
showing three ELM/ERPs.
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Fig.17 Magnetic contour surface plot similar to Fig.13 from 795 ms to 800 ms.
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Fig.18 Magnetic contour surface plot similar to Fig.13 from 800 ms to 805 ms.



