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Abstract

Neutral penetration through SOL is studied for ELMy H-mode plasma with 2D transport code
COCONUT, which has been developed at JET Joint undertaking. Interaction between the neutral and the
transport barrier is investigated, and it is shown that when increasing gas puffing, sudden increase of
ELM frequency can take place and degradation of confinement follows.
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1. Introduction

It is widely known that the ELMy H-mode is
commonly observed in various ranges of tokamak
devices. In ELMy H-modes, intermittent release of
energy and particles appears between H-modes due to
several kinds of instabilities [1]. Recently, it was found
in JET ELMy H-mode plasmas that a strong gas puffing
used to increase density leads to the increase of ELM
frequency and following degradation of energy content
[2]. Various attempts have been made to explain such
behavior [3-5], and it was first pointed out in the
reference [3] that this could be explained if we assumed
the width of the barrier shrinks with the gas puffing. In
the present paper, we show a simulation on neutral
penetration through the SOL with a two-dimensional
transport code, COCONUT.

At present, theoretical understanding of the H-
mode is mainly owing to Itoh [6], Shaing [7] and their
coworkers. In Shaing’s theory, the orbit loss of trapped
particles is considered to play an important role, and
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transition from L to H-mode is derived from the balance
between the orbit loss current and the neoclassical return
current. His theory explains some experimental
observations quite well [8], but doesn’t provide
information about the spatial structure of the barrier. A
possible estimation of the width of the barrier is that the
width is to be proportional to the orbit width of the
trapped particles of the highest energy [9], which are
probably NBI ions in the case of NBI-heated plasmas.
Based on the theory, one can explain the
experimentally observed degradation of confinement
and the increase of ELM frequency as follows: the
density of NBI ions is determined by the balance
between the supply due to diffusion and the loss due to
charge exchange. Because the diffusion process is
relatively slow compared to the charge exchange
process, a strong gas puffing could expel the fast ions
completely, and hence the barrier would shrink. Then
the shrink of the barrier results in the change of ELM
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and confinement [3].

To examine this hypothesis, simulations were
carried out. The details are described later in the next
section, but, to be brief, the result of the simulations did
not support the hypothesis. This fact means that another
mechanism is needed to explain the shrink of the barrier,
but it still has to be explained in the relation to the
neutral penetration. In section 3., a new model is
proposed as to the edge transport barrier. Then an
increase of ELM frequency and degradation of
confinement are demonstrated. Finally, in section 4., the
present work will be summarized briefly.

2. Simulation with COCONUT

COCONUT is a two dimensional transport code
developed at JET joint undertaking, during past 10
years. The code consists of two parts: one-dimensional
transport code, JETTO [10] is used to calculate the
transport in the core region, and two-dimensional
transport code, EDGE2D [11,12] in SOL, in which
magnetic field lines are open. Normally the separatrix of
tokamak plasmas is chosen to be the boundary between
the calculation regions of the two codes. In the core
region of tokamak fusion plasmas, magnetic field lines
are closed and magnetic surfaces are formed. Because
physical quantities such as temperature or density can be
considered as constant on a magnetic surface, the
physical quantities in JETTO are solved as a function of
magnetic surface with Bohm Gyro-Bohm type transport
coefficients [13]. On the other hand, physical quantities
in SOL can vary along the magnetic field lines cut off
by divertor plates so that the physical quantities in
EDGE2D are a function of both magnetic surface and
the distance along a magnetic field line. The transport
barrier in the code is modeled in a reduction of transport
coefficients to its neo-classical value in a narrow region
near the plasma edge. An ELM violates this transport
barrier. The transport coefficients are suddenly increased
in the periphery of the plasma, which is not necessarily
the same region as the barrier region. This increase is
triggered when the ballooning instability limit is
exceeded, and lasts for a short duration. Such a model
reproduces experimental trends quite well.

To begin with, three experimental shots were
analyzed. In those shots, experimental conditions were
all the same except the amount of gas puffing, which
was gradually increased shot by shot, 1.4 x 10%! 5!
(#39609), 2.1 x 10%! 57! (#39610) and 3.6 x 102! g
(#39611). Generally, gas puffing is used as a technique
to improve the plasma density, and hence the energy

content. It was revealed, however, that an increase of
ELM frequency is observed followed by the degradation
of confinement when a strong gas puffing is used.

One should be careful before concluding the
increase of the frequency is attributable to neutral. The
stronger gas puffing doesn’t necessarily mean the more
neutral penetration, because the gas puffing also raises
the SOL plasma density, and the neutral penetration will
be blocked off. COCONUT simulation is preferable to
handle this problem: SOL density is determined both in
consistent with the heat and particle fluxes from the core
plasma and in consistent with the neutrals introduced by
gas puffing.

In fig. 1, a result from such simulations is shown.
The simulations have been done for three different gas
puffing rates which correspond to the experiments, and
the neutral flux to the core across the separatrix is
plotted in the figure. In these runs, the barrier width is
prescribed: 3 cm for the shot #39609 and #39610, and 1
cm for #39611. Here, we assumed that the barrier
shrinks according to the increase of gas puffing, and
ascertained whether the level of the neutral flux that
across the separatrix is consistent with the assumption.

To attribute the shrink of the barrier to the charge
exchange loss of fast ions, charge exchange rate {o-xv)
n% must be much greater than 1/7y,, where oOcy
represents charge exchange cross section, n° and 7,4 the
density of the neutral and the slowing down time of the
fast ion respectively. The angular brackets mean the
average over velocity distribution. From the simulation,
the neutral flux increases in the case of strong gas
puffing (#39611), but the increase is only about 50%,
and neutral density is the order of 10'S m™3 on the
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Fig. 1 Neutral flux to core. The three points in the plot
correspond to the three experimental cases
#39609, #39610 and #39611 from left to right.
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separatrix. Estimating that ocx ~ 107!° m? and v, ~ 10°
m/s, charge exchange rate is accordingly evaluated as
{Ocxv) ~ 10% 571, This evaluation of charge exchange
rate is comparable to 1/7,4 of NBI ions, which means the
neutral penetration is not sufficient to expel fast ions in
the edge. Considering the small change of neutral flux
on top of that, it should be concluded that it is hard to
attribute the shrink of the barrier to the neutrals.

The reason why the increase of the neutral flux was
smaller than that had been expected is the screening
effect of SOL. It was observed in the simulation that the
plasma density in SOL was increasing in accordance
with gas puffing.

3. Reconsideration to the Barrier Width

So far it was assumed that barrier width is constant
but changes shot by shot. Here we assume the temporal
evolution of the barrier width. It is observed in the
simulation that plasma density of SOL drops during
ELM, followed by 4-5 times larger neutral penetration
to the core. This large neutral flux would expel fast ions
from the edge, and hence the width of the barrier will be
small just after an ELM. After the ELM, the fast ion
will be refilled gradually by the diffusion of NBI ions
from core region, which will determine the barrier
width, if the following condition is satisfied [9].

P st > Poi

n, R’

(D

where ng, and ny, are the density of fast and thermal
ion, pg; the poloidal Larmor radius of thermal ion, and R
the major radius of the plasma. Finally, the width of the
barrier will reach the poloidal Lamor radius of NBI ions
Po fast = MV /eBy, unless a next ELM is triggered. If the
next ELM is triggered so quickly that the condition (1)
is not satisfied, then the barrier width remains in the
order of pg;, otherwise the barrier width will expand up
to the order of pg fa.

To see how the above model works, we carried out
some more simulation runs with the following transport
barrier model:

_t_tELM)

A=A+, —A) l—exp( 7 N V)

where gy is the time at which an ELM terminated. A,
and A, represent two kinds of scaling of barrier width,
Ay ~ pg; and Ay ~ Pgse. We considered T, which
corresponds to a recovering time of NBI ion, changes
sensitively to neutral density. Approximately, 7 is
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described as,

3

As mentioned in sec. 2., because the first and second
terms in r.h.s. of the above equation are the same order,
it is consequently possible that small change in neutral
would cause large change of 7.

In fig. 2, a result from such a simulation is shown.
All the runs were done with 1D code JETTO under
fixed boundary conditions. In these runs 7 is the
parameter of the simulation, where strong gas puffing
corresponds to large 7. In the figure, increase of ELM
frequency is clearly seen, which could correspond to the
experimental observation. The change shows a
bifurcational aspect rather than a continuous variation.
This bifurcation explains the fast increase of type I ELM
frequency with gas puffing reported in the reference [2].

A possible explanation of the bifurcation is
schematically shown in figure 3. In the top figure,
temporal evolution of the pressure of the pedestal, P and
the width of the barrier, A is drawn. An ELM ends at ¢ =
0, and then the pedestal pressure starts to recover. At the
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Fig. 3 Schematic drawing of ELM transition mechanism.

initial phase of recovering, the pressure rises quickly,
but the speed of the evolution decelerates as the pedestal
reaching hydro-dynamical equilibrium. The pressure
gradient is estimated as dP/dr = P/A. Because the width
of the barrier evolves as eq. (2), the pressure gradient
goes dip once, and gradually evolves again towards the
instability limit (the bottom figure). In the figure, two
cases of 7, small and large, are shown. In the case of
large 7, because the width of the barrier remains narrow
at the initial phase, the pressure gradient hits the
instability limit soon. On the other hand, in the case of
small 7, because the pressure gradient is reduced due to
the fast expansion of barrier, the pressure gradient goes
dip without reaching instability limit, and evolves
slowly towards the instability limit. The point at which
the instability limit is reached is shown by open circles
in the case of (A) small 7 and (B) large 7. As increased
the gas puffing, the point the next ELM is triggered
jumps from (A) to (B) at a certain value of 7, hence the
ELM repetition period becomes short. This is the
mechanism of the bifurcation.

In the reference [2], the authors also reporte a
transition of ELM frequency from type I to type III
when they used extremely strong gas puffing in the
order of 10** s~'. One should note, however, that it is
hard to attribute the transition to type III ELM to our
model because it requires an unrealistically small A, to
reproduce such high frequency ELMs with fgy ~ 1
kHz.
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4. Conclusion

Two-dimensional transport code COCONUT was
used to analyze the penetration of neutrals through the
SOL. In the transport code, transport barrier is modeled
in a reduction of transport coefficient to neoclassical
value in this region, and ELM is triggered when the
pressure gradient exceeds the ideal ballooning limit,
which violates the transport barrier. At first, used was
the prescribed barrier width in the order of pg g, for the
weak gas puffing cases and in the order of py; for the
strong gas puffing case. Then the dynamics of barrier
width was coupled with transport model.

In the case of fixed barrier width, the shrink of the
barrier could not be explained based on neutral
penetration mechanism, however if the dynamics of
barrier width is taken into account, qualitative
agreement between experimental results and simulation
results are obtained. The crucial point of this model is
that the barrier width is determined by the poloidal
Larmor radius of thermal ions in the fast time scale,
however, it is finally determined by the poloidal Larmor
radius of fast ions. If the recovering time of NBI is large
enough which corresponds to the strong gas puffing,
then the barrier width is dominated by pg; since the
pressure gradient grows quickly to the ideal ballooning
limit, on the other hand, if the recovering time is small,
the width could grow in the order of pgy,g. This is the
bifurcation mechanism of the frequency in this model.
This model explains the experimentally observed fast
increase of ELM frequency with gas puffing.
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