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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 issuesard gaps

As recaynized in the Greenwald report*, the two most highly prioritized contributions of the
validated theary and predctive modeling should be G-1; undergarnding the underlying plasma
physics including turbulent transport and G-6 ; underdarnding the ahility to operat plasnas
without ELMs. Thes gaps are related with edge turbulence physics since the turbulence
gereraestransport and the suppression of turbulence generaes H-mode in which edge localized
instakility modes (ELMs) occur. Therefore to understand the mecharism of formation and
suppression of the edge turbulernce is the most fundamenal recquirement of future theay and
modeling resach. The importance of boundary neutrals and how they might be related to the
plagnaedge turbulence arealso recaynizedin the Greenwald report (at2.b.3 in Chapter 2 ; E and
neutrals generated by the recycling of plasma on material surfacescan provide important
sources of particles and sinks for momentum and energy that are not included in current
gyrokinetic codes Thes complications are being addressed in a new generation of computer
codes currently under development, which are aimed at modeling plasma edge turbulence.
Substantial invesment will be required to complete the development of thes codes and to
validatethem). 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 edyge turbulence.

Il. Recert discoveriesof the gyrocerter shift theary

The gyrocerter shift theary was firstly introduced as an explanation of the mechanism of the
radal electric field formation egecially at the H-mode trarsition [1]. One year later it is
experdedto the low temperaure plagnasarnd solveda 104 yearold puzzle in plagnaphysics[2].
The theay edahlished new formulae for the turbulerce diffusion and Reynolds numbers [5].
Following is the summary of thes discoveries



(a) Gyrocerter shift theary ard saturation of the radal eledric field

When the ion momertum loss is considered by the charge exchange
reacton with neutrals, the diamagnetic drift term must be included as
the velocity of ion atthe momert of collision aswell asExB drift. The
moast important discovery introducedby the early theary of gyrocerter
shift [1] is that thereis third term to include asion velocity upon the
calision with neural, which comes from the dersity gradent of
neurals. This can be explained by comparing the probahility of ion-
neural callision for the half circle of gyro-mation located at lower
neural demsity side to the half circle of that at higher neutral dersity
side asindicated in Fig.1. Since the probalhility is proportional to the
jof e neural dersity, the right side reaction hashigher probability than left
side reaction. Therefore when an ion gyrates there is a net poloidal
. ; velocity componert of ion upon the reaction witch is in down
directonin Fig.1.

right side
reaction

Fig.1 Schematic diagram for the gyrocenter shift.

Sothe averaye vertical velocity of ion upon the callision with neural canbe described asfollow,
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herein the right hand side, the first term is ExB drift, secand tem is the diamagnetic drift and
third termis the neural dersity gradert tem explained by Fig.1. The momentum loss of the ion-
neural charge exchange is myvy; because ion losesits idertity and the new ion@ direction is
isotropic. By the fluid equation of JxB = n!S™ (! is the cadlision frequercy and S" is the
momentum loss), the radal current dersity is desribed asfollow,
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where, !, istheion-neutral callision frequercy (such as charge exchange).

(b) Turbulence diffusion coefficient

When there is a turbulert flow in the vicinity of plagna boundary where plasma mixes with
outside neutrals, saturation condition of the gyrocerter shift current becanes differert from
without turbulence ca. Asindicatedin Fig. 2 (b)/(c), whenthereis turbulent plagnaflow, each
bunch of neutrals (neural-dominart inhomogeneaus entity) is generated by turbulence eddy with
across section on the plare perpendicular to the magnetic field in which neurals areconcentrated
Sincethe boundary of this individual bunch hasplagnaand neural density gradents (secand and

third termsin the right hand side of Eq.(2)), it formslocalizedelectic field £ and ExB flow. In
the maaoscopic view we only count poloidal contribution from ExB flow, however in this

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

flows including radal componenrt. Usually not all the particlesare engagedin these ExB flows
so the ratio of amaunt that engaged in the fluctuation to the whole plagna dersity canbe set as
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ExB flow is a convecive fluctuation, ions and
neutral electrons move around without collision. When
the fluctuation scale is ", (turbulence wave

length), the EXB flow moving back and forth
in the radal direcion makes changes in the
electron and ion densitiesasindicated in Fig.2
(c), (d).
Here gyrocerter shift current only playsthe role
of saturation of charge separaion and major
plagna tramsport comes from the turbulence
fluctuations. Each magnitude of electons and
ions moving !; of distance is"#n}, and the
~ K
ExB flow takes — of time to complete one
ExB

plasma

cycle of the circular mation indicatedin 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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Boltzmam relation ; # 1 KT, (here the charge separation distance asumed as '5’). In this

aporoximaton the diffusion coefficiert is described as
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(c) Reynolds number for ion-neutral collisions and L/H trarsition.

v ) v When the Reynolds number of ion flow with poloidal drift
’ inducedby the friction with neural is considered, itsfirst differernt
feature from neutral fluid is that the scale length reduces to the ion

\ /- gyroradus. This is becawse arny ion whose gyrocerter is farther
: away than its gyroradus from the neural camot make a
Al e contribution to the friction as indicated in Fig.3. The second
feature to notify is that the magnitude of momertum change that

AN inducesthe friction is ion mas timesthe effective vel ocity which

is defined by Eq.(1). Therefore there is no linearvelocity gradent
asin the neutral fluid viscosity. When we imagne a thin plate of
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neurals located in the middle of maghetized plasna, apparenly this plate experiencesviscaosity

forceby cdllisions of ions (Fig.3).
Fig.3 Diagram of the ion viscosity upon neutrals, only ions with gyrocenter located inside of
hatched area contributeto the viscosity on thethin layer of neutrals.

The viscosity force which is gererated by ions in the volume of cylinder with areaof G Oard

height of r.; (indicaiedin Fig.3) is nm" ! * Ar,,, ard the viscosity is definedas nmv,, r?2
d/ o

from the viscosity force equation (F. = "A—, hered— =—, F, is viscosity forceand ! is
dy dy

viscaosity). Reynolds number which is the ratio of inertia force to the viscosity forceis described

asfollow,
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here (meanfreepath of ion-neural collision) = Vo =870, ", isthe cross
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section of ion-neutral collisionand “, ision velocity perpendicularto the magnetic field.

The saturation of the radal electric field is determined by the condition that ion gyrocerter shift
current carncels the opposite currert. Whenthereis turbulernt density fluctuation, this condition is

N#io - . . . ,
described as %* =D$! , here Vp=¢(n' -n,). Using this relation together with

Eq.(3) and Eq.(4), one cangetthe Reynolds number asfollows,
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Herethe gereral feaure of fluid that Reynolds number determines critical statesfrom turbulert
flow to laminar flow is applied In an L-mode state, Reynolds number is higher than critical
Reynolds number (Re* ~2400) so ! stay at higher value of turbulence. As heatng is added,

Reynolds number deaea®s due to the change of plasma parametrs When Reynolds number
reaclesRe*, turbulerceis suppressed and 1 reducessuddeny, which makes more reduction of
Reynolds number. The secand charge of L/H trarsition is increa® of radal electic field which
comes from the change of saturation condition due to the reduction of 7 (since the opposite

current due to the turbulence isreduced ion gyrocerter shift currert makesdeeper saturation than
L-mode ca®). This increase of radal electic field continues as the pressure gradent becomes
stiffer which is the reault of turbulence transport decrease by the reduction of diffusion described
by Eq.(3). The direct influences of turbulence suppression are! reduction and turbulence
transport decrease; thes are the fast changes in the L/H transition. The secandary influerce is the
increa® of radal electic field, part of this comesfrom !/ reduction and part of this comesfrom
the profile change of plagma pressure which is the slow change of L/H trarsition triggeredby the
fag changes The bifurcation of the L/H trarsition comesfrom fag changessince ! reduction

makesmore decrease of Reynolds number.
(d) Example of calculation.

The same plagna parameter profiles of reference 1 are used for the calculation of Reynolds
number profileswith variations of low and high casesand its reallts areindicated in Fig.4. The



plagna parametersin Fig.4 have differerce of 50% in magnitude for the low and high caes As
indicatedin Fig.4, if only ion temperaure is raised, Reynolds number would increag. However,
the plagma heaing proces practicaly inducesboth increags of ion temperature and ion dersity
and Reynolds number decreaseswith ion density. Therefore overall effect of the plasma heatng
for Reynolds number depends on the combination of these two opposite influences

The plagna heatng includesionizaton proces at the boundary and the temperature dependerncy
of ionizaion cross secton is very stiff rising at low temperatre (up to 40eV). This mears if the
neural gasis suffi ciertly supplied, the plasma heaing not only increasesion temperature but also
induceshigh rate of dersity rising at the boundary. Another strong factor for Reynolds number
reduction is the increa® of neural dersity which is indicated in Fig.4. Although higher neural
dersity seemsto be favorabe to the H-mode access, too mary neurals may cool down the
plasmaard reduce the ion denrsity.
This complicated effect of plagma
heaing and neural 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.

I11. Conclusion.

It is strongly recanmerded that a new simulation study must be caried out in which three
factors from gyrocerter shift listedbelow areincluded

(1) Radal electric field mechanism by Eq.(2)
(2) Turbulernce diffusion coefficiert describedby Eq.(3)
(3) Turbulence to laminar fl ow transition by Reynolds number; Eq.(5)
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