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Abstract: One of the significant gaps between research status and goal in the
magnetic fusion development is the understanding the edge turbulence physics. To
overcome this task it is required to include following recent discoveries in the
future modeling and simulation research ; (1) A new concept of turbulence

transport and diffusion coefficient from the microscopic ExB drifts at the
boundary of fusion device by characterization of the gyrocenter shift induced by
the collisions between ion and neutral. (2) Reynolds number of the poloidal ion
flow defined by the viscosity force of the ion-neutral collision. And this Reynolds
number varies over the critical value between turbulent and laminar flows in the
vicinity of tokamak separatrix depending on the plasma parameters such as
temperature, neutral density and density fluctuation level (this explains the
mechanism of L/H transition).

1. Introduction of issues and gaps

As recognized in the Greenwald report*, the two most highly prioritized contributions of the
validated theory and predictive modeling should be G-1; understanding the underlying plasma
physics including turbulent transport and G-6 ; understanding the ability to operate plasmas
without ELMs. These gaps are related with edge turbulence physics since the turbulence
generates transport and the suppression of turbulence generates H-mode in which edge localized
instability modes (ELMs) occur. Therefore to understand the mechanism of formation and
suppression of the edge turbulence is the most fundamental requirement of future theory and
modeling research. The importance of boundary neutrals and how they might be related to the
plasma edge turbulence are also recognized in the Greenwald report (at 2.b.3 in Chapter 2 ; ...and
neutrals generated by the recycling of plasma on material surfaces can provide important
sources of particles and sinks for momentum and energy that are not included in current
gyrokinetic codes. These complications are being addressed in a new generation of computer
codes, currently under development, which are aimed at modeling plasma edge turbulence.
Substantial investment will be required to complete the development of these codes and to
validate them). This proposal is aiming to introduce the recent progress of gyrocenter shift
theory which successfully explained the turbulence diffusion and the formation/suppression
mechanisms of edge turbulence as an answer to the problem of how the neutrals are related
with the edge turbulence.

II. Recent discoveries of the gyrocenter shift theory

The gyrocenter shift theory was firstly introduced as an explanation of the mechanism of the
radial electric field formation especially at the H-mode transition [1]. One year later it is
expended to the low temperature plasmas and solved a 104 year-old puzzle in plasma physics [2].
The theory established new formulae for the turbulence diffusion and Reynolds numbers [5].
Following is the summary of these discoveries.



(a) Gyrocenter shift theory and saturation of the radial electric field

When the ion momentum loss is considered by the charge exchange
reaction with neutrals, the diamagnetic drift term must be included as
the velocity of ion at the moment of collision as well as ExB drift. The
most important discovery introduced by the early theory of gyrocenter
shift [1] is that there is third term to include as ion velocity upon the
collision with neutral, which comes from the density gradient of
neutrals. This can be explained by comparing the probability of ion-
neutral collision for the half circle of gyro-motion located at lower
neutral density side to the half circle of that at higher neutral density
side as indicated in Fig.1. Since the probability is proportional to the
neutral density, the right side reaction has higher probability than left
side reaction. Therefore when an ion gyrates there is a net poloidal
" . velocity component of ion upon the reaction witch is in down
direction in Fig.1.
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Fig.1 Schematic diagram for the gyrocenter shift.

So the average vertical velocity of ion upon the collision with neutral can be described as follow,
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here in the right hand side, the first term is ExB drift, second term is the diamagnetic drift and
third term is the neutral density gradient term explained by Fig.1. The momentum loss of the ion-
neutral charge exchange is mjvy; because ion loses its identity and the new ion’s direction is
isotropic. By the fluid equation of JxB = nvS™ (v is the collision frequency and S™ is the
momentum loss), the radial current density is described as follow,
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where, vi., is the ion-neutral collision frequency (such as charge exchange).
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(b) Turbulence diffusion coefficient

When there is a turbulent flow in the vicinity of plasma boundary where plasma mixes with
outside neutrals, saturation condition of the gyrocenter shift current becomes different from
without turbulence case. As indicated in Fig. 2 (b)/(c), when there is turbulent plasma flow, each
bunch of neutrals (neutral-dominant inhomogeneous entity) is generated by turbulence eddy with
a cross section on the plane perpendicular to the magnetic field in which neutrals are concentrated.
Since the boundary of this individual bunch has plasma and neutral density gradients (second and

third terms in the right hand side of Eq.(2)), it forms localized electric field E and ExB flow.In
the macroscopic view we only count poloidal contribution from ExB flow, however in this

microscopic view looking into the individual neutral bunches there are small localized ExB

flows including radial component. Usually not all the particles are engaged in these ExB flows
so the ratio of amount that engaged in the fluctuation to the whole plasma density can be set as
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ExB flow is a convective fluctuation, ions and

electrons move around without collision. When
the fluctuation scale is A; (turbulence wave

length), the ExB flow moving back and forth
in the radial direction makes changes in the
electron and ion densities as indicated in Fig.2
(c), (d).

Here gyrocenter shift current only plays the role
of saturation of charge separation and major
plasma transport comes from the turbulence
fluctuations. Each magnitude of electrons and

plasma neutral
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ExB flow takes —— of time to complete one
ExB
cycle of the circular motion indicated in Fig.2 (c) and (d).

Fig.2 Schematic diagram of the plasma boundary for the turbulence induced diffusion; (a) is
laminar flow case (H-mode), (b) is turbulent flow case (L-mode), (c¢) is a magnified diagram

indicating localized turbulent EXB flows and (d) is a diagram of particle flow due to the density
fluctuations.
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So the plasma flux moving toward the boundary is I" = n n,, where VExB = Els used. This
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induces the diffusion coefficient as, D = ET’ An approximation forE)ut can be made by
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Boltzmann relation ; ~nkT, (here the charge separation distance assumed as ?t). In this

approximation the diffusion coefficient is described as
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(c) Reynolds number for ion-neutral collisions and L/H transition.

v ] v When the Reynolds number of ion flow with poloidal drift
induced by the friction with neutral is considered, its first different

ién S feature from neutral fluid is that the scale length reduces to the ion
\ /- gyroradius. This is because any ion whose gyrocenter is farther
: s away than its gyroradius from the neutral cannot make a

‘ s contribution to the friction as indicated in Fig.3. The second
P feature to notify is that the magnitude of momentum change that
N/ induces the friction is ion mass times the effective velocity which

is defined by Eq.(1). Therefore there is no linear velocity gradient
as in the neutral fluid viscosity. When we imagine a thin plate of

I\neutrals



neutrals located in the middle of magnetized plasma, apparently this plate experiences viscosity

force by collisions of ions (Fig.3).
Fig.3 Diagram of the ion viscosity upon neutrals; only ions with gyrocenter located inside of
hatched area contribute to the viscosity on the thin layer of neutrals.

The viscosity force which is generated by ions in the volume of cylinder with area of ‘A’ and

height of ry; (indicated in Fig.3) is n,m,v, v * Ar,,, and the viscosity is defined as n,m,v,_,r/,
. . dv dv v* L .
from the viscosity force equation (Fj = HAd—, here d_ = —, [, is viscosity force and 0 is
y y T

viscosity). Reynolds number which is the ratio of inertia force to the viscosity force is described
as follow,
2
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section of ion-neutral collision and v, is ion velocity perpendicular to the magnetic field.

The saturation of the radial electric field is determined by the condition that ion gyrocenter shift
current cancels the opposite current. When there is turbulent density fluctuation, this condition is
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described as v*=DVp, here Vp =e(n —n)). Using this relation together with

Eq.(3) and Eq.(4), one can get the Reynolds number as follows,
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Here the general feature of fluid that Reynolds number determines critical states from turbulent
flow to laminar flow is applied. In an L-mode state, Reynolds number is higher than critical
Reynolds number (Re* ~2400) so 1 stay at higher value of turbulence. As heating is added,

Reynolds number decreases due to the change of plasma parameters. When Reynolds number
reaches Re*, turbulence is suppressed and 77 reduces suddenly, which makes more reduction of
Reynolds number. The second change of L/H transition is increase of radial electric field which
comes from the change of saturation condition due to the reduction of 7 (since the opposite
current due to the turbulence is reduced, ion gyrocenter shift current makes deeper saturation than
L-mode case). This increase of radial electric field continues as the pressure gradient becomes
stiffer which is the result of turbulence transport decrease by the reduction of diffusion described
by Eq.(3). The direct influences of turbulence suppression are 7 reduction and turbulence
transport decrease; these are the fast changes in the L/H transition. The secondary influence is the
increase of radial electric field, part of this comes from 7) reduction and part of this comes from
the profile change of plasma pressure which is the slow change of L/H transition triggered by the
fast changes. The bifurcation of the L/H transition comes from fast changes since 1 reduction

makes more decrease of Reynolds number.
(d) Example of calculation.

The same plasma parameter profiles of reference 1 are used for the calculation of Reynolds
number profiles with variations of low and high cases and its results are indicated in Fig.4. The



plasma parameters in Fig.4 have difference of 50% in magnitude for the low and high cases. As
indicated in Fig.4, if only ion temperature is raised, Reynolds number would increase. However,
the plasma heating process practically induces both increases of ion temperature and ion density
and Reynolds number decreases with ion density. Therefore overall effect of the plasma heating
for Reynolds number depends on the combination of these two opposite influences.

The plasma heating includes ionization process at the boundary and the temperature dependency
of ionization cross section is very stiff rising at low temperature (up to 40eV). This means if the
neutral gas is sufficiently supplied, the plasma heating not only increases ion temperature but also
induces high rate of density rising at the boundary. Another strong factor for Reynolds number
reduction is the increase of neutral density which is indicated in Fig.4. Although higher neutral
density seems to be favorable to the H-mode access, too many neutrals may cool down the
plasma and reduce the ion density.
This complicated effect of plasma
heating and neutral supply is
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Fig.4 Calculated Reynolds number profiles for different plasma parameters. Yellow arrows indicate
the propagation of laminar region at the moment of L/H transition.

II1. Conclusion.

It is strongly recommended that a new simulation study must be carried out in which three
factors from gyrocenter shift listed below are included;

(1) Radial electric field mechanism by Eq.(2)
(2) Turbulence diffusion coefficient described by Eq.(3)
(3) Turbulence to laminar flow transition by Reynolds number; Eq.(5)
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