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In' JFT-2M, conditions for H-mode transitions in the periphery of the
plasma were studied. [t was found that edge electron temperature does not
always determines the H-mode transition. In usual sawtooth triggered H-mode
cases, the minimum edge electron temperature needed for H-mede transition
decreased with the increase of the electron density. And this edge electron
temperature and the density seems to control the transition phenomena in this
case. However, there are cases when these parameters are not determining the
transition. It was found that the threshold beam heating power for H-mode
was found to decrease by, lowering the heam acceleration voltage. In this
case, the transition took place in lower edge temperature and lower electron
density compared with higher beam voltage case. Power deposition calculation
shows that the lower energy beam did not preferentially heat edge electroms,

instead, it delivered more power to ions in the periphery.
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1. Introduction

Since the first discovery of the enhanced confinement mode,H-mode
in ASDEX 1), extensive experimental efforts have been devoted to the
study of the peripheral phenomena to understand the physical
mechanism of H-mode. Because, many of the strong signatures of the
H-mode transition are edge phenomena. Also, the fastest time scale
phenomena associated with the H-mode transitions are edge
phenomena too. For examples, sudden depression of the Hu/Da in the
periphery or the sudden broadening of the density profile near the
edge. Usually, the central parameters change with much slower time
scales after the transition compared to those peripheral phenomena.
One of the typical H-mode observations in the periphery is the
sudden formation of edge -electron temperature pedestal This
observation lead a type of theoretical modeling of H-mode which
tries to explain the transition by the change of plasma current profile
in the edge 2).

On JFT-2M, H-mode phenomena has been observed in the wide range
of operational regimes, single null divertor, double null divertor, or
limiter configurations. This versatile features of H-mode in JFT-2M
could offer an unique opportunity to check already proposed
theoretical modelings or the universality of the edge phenomena
upon which these modelings were based.

In JFT-2M, characteristics of edge electron temperature during the
H-mode transition period were investigated,and it was revealed that
edge electron temperature is not always a required condition for H-
mode.

2.Experiments

- 2.1 experimental arrangement

2.1.1 ECE -edge electron temperature measurement

Edge electron temperature was measured by the ECE emission at 90
GHz which is the second harmonic electron cyclotron frequency at the
toroidal magnetic field of 1.61 T 3). In this series of the experiments,
the toroidal magnetic field at the center of the machine, R=1.31 m,
was fixed at BT=1.25 T, and the center of the plasma was positioned
around R=1.30 m. The second harmonic electron cyclotron emission
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form R=1.02 m was detected by a horn reflector antenna on the inner
side of the wall on the mid-plane with a detection angle of +5° .
Since the troidal magnetic field typically changes 0.5 to 1 %, or the
plasma column shifts horizontally 1 to 2 c¢m during the shot, electron
temperature measured in this way reflects the temperature at 85 %
to 90 % of the minor radius position.

2.1.2  FIR interferometer measurement

Line averaged electron densities at three vertical chords are
measured by a hydrogen cyanide laser interferometer system 4)
whose wavelength is in FIR region. Vertical chords run at R=1.52m,
1.24m, 1.1m, whereas the center of the machine is at R=1.31m.

2.1.3 JFT-2M tokamak

JFT-2M is a tokamak with non-circular cross section with the major
radins of 1.31 m. The maximum horizontal minor radius decided by
the fixed carbon limiter is 0.35 m, and the distance from the center
of the machine to the top carbon limiter is 0.55 m. The Maximum
toroidal magnetic field is 1.4 T, and the maximum plasma current is
500 kA with the limiter configuration.

2.1.4 NBI 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.

2.2 Edge Parameters of H-transition

2.2.1 Types of transition phenomena on JFT-2M

On JFT-2M, many of H-mode transitions are triggered by a sawtooth
oscillation. In Fig.l,an example of this typical transition case in
limiter discharge is shown. Plasma parameters were, Ip=270 kA,
BT=1.25 T,x=1.35, and 1.3 MW of hydrogen ncutral beam was
injected into deuterium ‘plasma. From the top, time evolution of ECE
emission from r=0.9a, line average electron density measured by FIR
interferometer at R=1.22m, R=1.10m , a ratio of these two line

averaged electron density He(R:l.l1m)/He(R=1.22m), magnetic
fluctuation measured by Be probe, and H_ /D, emissivity are shown.

ECE and FIR densities were measured with 0.2 ms of time resolution
and Bgprobe signal was with 20ms. H,/D, were taken by lms of
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sampling time. From the traces of FIR densities, we see that the
central code density takes a dip at each sawtooth crash, and the
peripheral code density increases shortly after the crash.  This
indicates sawtooth also modifies the density profile. In this shot, a
H-mode triggering sawtooth crash takes place at 793 ms indicated by
the vertical line A. With about 2 ms of a delay,at the timing shown
by the line B, sudden changes of several plasma parameters appear.
Peripheral cord density starts rising, H_ /D , emission starts
decreasing strongly, and high frequency magnetic fluctuation dies
down. In this case, H-mode transition phenomena was triggered by
the perturbation in the periphery caused by the arrival of heat or
particle pulse traveled from the center by the sawtooth. Also, the
transition took place near the first peak of the edge electron
temperature.

On JFT-2ZM, some of H-mode transitions are not triggered by
sawtooth. In Fig.2, this second example is shown. This is a single null
divertor discharge with Ip=250 kA, and BT=1.24 T. 615 kW of
hydrogen beam was injected into deuterium plasma. In this case, H-
mode transition took place by two steps. The first transition took
place around 720 ms At this timing, a sawtooth crash could be
happening at the center, but it's heat pulse had not arrived at the
periphery,and the edge electron temperature is still at the bottom
and low. Although the decease of H /D, started,and the peripheral
cord density started increasing. High frequency magnetic {fluctuation
seems to decrease at this first transition time. Around 727 ms,the
second transition took place, and magnetic fluctuation clearly
changes suddenly this time. This second transition should be clearly
independent of the sawtooth activity and it is also clear that edge
electron temperature is irrelevant for the transition in this case.
2.2.2 Edge electron temperature ‘and electron density

There is the minimum electron density above which we observe H-
mode transition in JFT-2M in all kinds of H-mode operational modes.
We clearly found the dependence of this threshold density on the
heating power.particularly in limiter case. In Fig.3 circles show the
minimum line averaged electron density needed at instances of the
transition in each neutral beam heating power. Around the threshold



JAERI-M 88-033

heating power, we see that higher density is required for the
transition with smaller heating power. Well above the threshold
power, we still see the same dependence although it is weak. In this
series of the experiment, edge electron temperature at the instance
of the H-mode transition in 85 percent of the minor radius position
were measured by ECE at the same time. And, this edge electron
temperatures were plotted against the line averaged electron
densities of the same instance in Fig.4. Then, it clearly shows that,
electron temperature necessary for the transition decrease with the
increase of the density, although the range of the temperature
change is not so large. In this series of the experiment or in most of
the typical sawtooth triggered H-mode shots, we can generally find
this required conditions in the edge in terms of edge electron
temperature and the density.

2.3 comparison between SOH and A2 configuration

In JFT-2M, there are two standard poloidal coil configurations to
produce limiter plasmas. One configuration 1is called SOH
configuration, and the other is called A-2 configuration. A-2 gives
more triangularity, g, to the plasma than SOH does with the same
elongation factor,x. In limiter H-mode experiment, we generally find
dependence of the threshold heating power on . With higher  we
find smaller heating power needed for the transition 3). In JFT-2M,
non-circularity and the triangularity increase together. So, this
dependence could be also a dependence on §. With the same , we
can compare the effect of § only by changing the coil configuration.
However we clearly see the difference of the threshold heating
power between SOH and A-2 configurations with the same « , plasma
current, toroidal magnetic field. _

Dependence of the threshold density on the heating power was
compared between SOH and A2 configurations. Plasma current and
toroidal magnetic field were almost the same, and ellipticity « were
close to 1.2. Triangularity ¢ was 0.15 for SOH and 0.38 for A-2.
Figure 5 shows the comparison, and not only the threshold heating
power for H-mode was higher with SOH, but also, the threshold
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density was higher with the same heating power compared with A-2
configuration,

Edge electron: temperature were also compared between the A-2 and
SOH configurations. In these cases,the line averaged electron. density
measured vertically at R=1.1 m , whereas the center of the plasma is
at R=1.30 m, by FIR laser interferometer was used. In Fig.6, ordinate
is the intensity of ECE emission which is proportional to the electron
temperature at r=29 cm,and abscissa is the line averaged electron
density. Circles show the transition point in the figure, and the line
shows the trajectory of one shot just before and after the transition
as an example. This trajectory starts from the left lower point, and it
goes up and down by sawtooth activity. Density is slowly rising, and
at the top of the second sawtooth, H-mode transition takes place, and
the density suddenly starts rising strongly. Neutral beam power
were around 700 kW in this series of the experiment. Similar plot
with SOH configuration is shown in Fig. 7. In This figure, only
trajectories of three shots are shown. The left hand side one is the no
transition case with 1.2 MW of the injection. It reaches high enough
temperature for the transition by the sawtooth excursions, but the
density is not high enough. The right lower case, B, is also the L-
mode case with the injection power of 600 kW. In this case, the
density is enough, but the temperature is not high enough. and the
last case, C, is the case where H-mode transition took place at the
point marked by the circle. In this transition case, 1.2 MW was
injected.. If we compare this transition point with the previous figure,
the transition point in SOH configuration was almost on the same
transition boundary of A-2 configuration shown by the circles in
Fig.6. Comparing the both, it is clear that heating efficiency of the
edge is much better with A-2. In A-2, with only 700 kW of the
injection, edge temperature were brought to the transition boundary,
whereas 1.2 MW was necessary in SOH. _

This H-mode boundary condition in edge electron temperature and
edge electron density variable plane is not always the same in
different experimental conditions. It seems to move with plasma
current or safety factor.
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2.4 Beam Energy dependence

In JFT-2M, dependence of the threshold power of the H-mode on the
beam acceleration energy was also found. When a bucket type ion
source which had a very good proton ratio, 80 % in H*, 10% H*t+, 10%
H+++ was employed we saw a clear dependence. '
We found a decrease of threshold power when the acceleration
voltage was reduced as is shown in Fig. 8. The minimum injection
power needed for- H-mode transition in each beam acceleration
voltage is shown in the figure. This clear dependence was not well
observed with a Duo-Pigatron type ion source whose proton ratio
was- poor. Although, this duo-Pigatron type ion source gives lower
threshold power compared with the bucket type ion source with the
same acceleration voltage.

From this acceleration voltage dependence, one may naturally. think
about the possibility of more preferential heating of the edge by
lowering ‘the beam energy. Beam power deposition profile was
calculated by the Fokker-Planck beam slowing down code assuming a
circular plasma with the Thmoson scattering eclectron temperature
and density profile. Deposition profiles with the beam voltage of 26
kV are shown in Fig.9 and the profiles of 37 kV are shown in Fig.10.
Surprisingly, deposition to electrons are almost the same, whereas
the slight difference in ion deposition between the two cases is
found. More power is coupled to ions in the periphery in low beam
energy case.

Edge electron temperature were measured by the ECE emission and
compared between the two cases. Edge electron temperature is
plotted against the peripheral cord line averaged electron density in
Fig.11.The Trajectory A in the figure show the case of 750 kW
injection heating at the beam energy of 36 kV. Another trajectory B,
show the case of 600 kW injection at the energy of 26 kV. Edge
electron temperature and the electron density near the edge are
higher than those of lower.beam energy case, although we did.not
see H-mode transition in this case. However, with the lower beam
energy case, we did see the transition at lower edge temperature and

the lower density.
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3. Discussions

In JFT-2M H-mode experiment, it is important to heat edge to get H-
mode. Easiness of attaining H-mode can be expressed by the
threshold heating power for H-mode transition. This threshold
power sometimes does not directly reflect the physics underlying the
H-mode transition phenomena. A good examplé is the difference . of
the accessibility of H-mode between A-2 and SOH configuration in
JFT-2M. The difference turned out to be due to the difference of L-
mode heating efficiency of the plasma, rather than a difference of
triangularity in these two configurations. On the other hand, the
difference of the threshold power between the different beam
acceleration voltage is not simply due to the efficiency of the edge
electron heating. The experimental results suggest the difference of
the ion heating instead. This has not been experimentally confirmed
yet. The experimental observation that threshold e¢lectron
temperature decreases. with the the increase of the density also
suggest the importance of ion heating through electron ion collisions.
This importance of ion heating at the edge is still a speculation, and
the results of power deposition profile calculation is quite sensitive
to the boundary conditions and the experimental information put
into that calculation was not very accurate. Although it is very clear
that electron heating at the edge is not the essential required
condition for H-mode transition. And, heating experiment of edge
ions by ICRF or by IBW could give an important information to
understand H-mode transition phenomena.

Another possible important condition for H-mode would be a
temperature gradient or a pressure gradient. However we could not
systematically measure the temperature or the pressure gradient in
these series of the experiment, and cannot conclude anything about
this possibility.

4. Conclusions

In most of the typical sawtooth triggered H-mode shots, we can
generally find the condition in the edge necessary for the H-mode
transition in terms of edge electron temperature and the density.
Sometimes, difference of threshold heating power, or the difference
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of easiness in attaining H-mode in different experimental conditions -
could be attributed to the difference of edge heating efficiency in
pre-transition L-mode phase to bring the edge electron temperature
and density to the transition boundary.

However, in certain experimental conditions, especially when the
transition is not triggered by sawtooth, this edge electron
temperature is not the decisive parameter. Also, from the results of
low beam acceleration voltage experiment, it is speculated that ion
heating in the edge instead of electron heating could be important for
the H-mode transition.
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