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Abstract

A new concept of turbulence transport and diffusion coefficient are derived
from the microscopic E x B (E is the localized electric field and B is the
magnetic field) drifts at the boundary of fusion devices by characterization
of the gyrocentre shift induced by the collisions among electrons, ions and
neutrals. It is found that when the viscosity force of the ion—neutral collision
is counted, Reynolds numbers of the poloidal ion flow in the vicinity of the
tokamak separatrix vary over the critical value between turbulent and laminar
flows depending on the plasma parameters such as temperature, neutral density
and density fluctuation level, which explains the mechanism of the fast transition
from the low confinement mode to the high confinement mode (L/H transition)
for the examplar cases.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

One of the most crucial obstacles of nuclear fusion research is that the rate of transport at
the boundary of fusion devices is extremely high. This phenomenon is called ‘anomalous
transport’ since it has remained unexplained despite numerous attempts. It is believed that the
main difficulty in understanding the transport of magnetized plasma comes from its turbulent
feature. The purpose of this paper is to provide a new revenue towards the understanding of
plasma transport especially at the boundary of magnetic fusion devices. While the research on
the plasma transport made little progress, high confinement mode (H-mode) was discovered [1].
The typical feature of H-mode transition includes a sudden reduction in radiation (D, ) emission
on the diverter, formation of the transport barrier that increases the confinement, increase in
density and temperature leading to pedestal formation, a sudden reduction in the density
fluctuation and an increase in the radial electric field. Among many theories that have tried
to explain the mechanism of the H-mode, the suppression of turbulence by E x B shear is
the one that is widely accepted [2]. Even if the E x B shear is admitted as the cause of
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Figure 1. Illustration of gyrocentre shifts by ion—electron collisions. Ions and electrons make
collisions while they are moving in each gyro motion. Since the probability of a collision is
proportional to the target density, an ion has a net up direction velocity component and an electron
has a net down direction velocity component when the average is taken.

the turbulent suppression, the mechanism of the radial electric field formation has remained
in question for decades. Recently the gyrocentre shift theory explained the mechanism of
the radial electric field formation not only for the typical tokamak boundary [3] but also for
the extremely high collision case such as arc discharge with its generalized formula [4]. The
fundamental physics of the gyrocentre shift theory is that when there are a significant number
of neutrals in the magnetized plasma so that the ions make collisions with neutrals, there
exists a poloidal component of ion flow inversely proportional to the neutral density scale
length which is perpendicular to both the magnetic field and the direction of the neutral density
gradient. Therefore when the poloidal ion flow is counted this term must be added to the
other terms such as E x B drift and the term associated with diamagnetic drift. And when
ions make collisions with neutrals these poloidal flow terms transfer to the radial current. In
this paper detailed relations of the gyrocentre shift with plasma transport are discussed. In
section 2, gyrocentre shift of ion—electron collision and its influence to the plasma transport is
discussed. In section 3, plasma transports from ion—neutral and electron—neutral collisions are
characterized including the turbulence effect. In section 4, Reynolds number for ion—neutral
collisions and its relation to L/H transitions are introduced. The example calculations of a
tokamak boundary are presented in section 5 followed by the conclusions.

2. Plasma transport from ion—electron collision

The first paper on the gyrocentre shift [3] was on the basis of the assumption that particle
collisions other than ion—neutral are not significant for the charge separation. However the
same principle of gyrocentre shift can be applied to other collisions than ion—neutral collisions
such as ion—electron collisions and they have an important effect on the particle transport
and even for the saturation of charge separation. As indicated in figure 1, ions and electrons
have net vertical velocity components due to the target particle density gradient when they are
averaged over a circle of gyro-motion (the third terms on the right hand sides of the equations
below). When there are collisions, the pressure gradient plays a role for the momentum
exchange. Although individual incident particle has no real gyrocentre drift, the target particle
experiences an unbalanced influx of incident particles. When these influxes are averaged out
the net velocity remains, which has the same magnitude of the diamagnetic drift. So for the
final velocity of the incident particle in a collision, firstly the E x B drift should be included
(since each particle has real drift from the electric field), secondly, the term associated with
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diamagnetic drift should be included since this velocity component also acts for the momentum
exchange. Therefore the average poloidal velocity component of the incident particle at the
moment of the collision can be described as follows,
E kT; 1 on;  kT; 1 one
W=7 gBnidx gBne dx’
E kT. 1 9n. kT, 1 On;
B+eBneax eB n; ox’
where E is the radial electric field, B is the toroidal magnetic field, k7; is the ion thermal
energy, kT is the electron thermal energy, ¢ is the ion charge, e is the electron charge, n; is
the ion density and 7. is the electron density. Here the temperature gradient is ignored. In this
case the E x B drift component has no contribution to the momentum exchange at the collision
because both particles move at the same velocity. For each species, two terms on the right
hand side other than the E x B drift cancel each other when the density gradient scale lengths
for ion and electron are the same (nil%ix ~ n—le %’j;). Therefore the components described in
the above equations make little contribution to the momentum exchange at the ion—electron
collision. Only when there is a temperature gradient or other poloidal drift such as grad B drift
which is in opposite directions to each other, the effective vertical velocity remains as follows:
kT; 1 0T, kT; 1 0B
Uyl_qBTiax gB B 3x’
kT. 1 0T, kT.1 9B
Uye = — — + -
eB T. 0x eB B ox
Then the collision of an ion with an electron makes momentum exchange in the range of m.vye
because of the large mass difference between the ion and the electron. Using the fluid equation,
J x B = nvi—m.vy. (J is the current density, v;— is the frequency of ion—electron collision and
n is the particle density) one can get the horizontal (radial direction in the tokamak geometry)
velocity from the current density as follows:

Vieee kT, 1 0T, vi_em kT, 1 0B 1 2 (1 oT, 1 8B>

Uye = —

Vyim=Ugpg —m——m— — — — — — — — —— = — —:_.I" _—— 4 _—
H xe eB eB T, 0x eB eB B dx 2 77k T, 9x B ox

ey
where 7y is the electron gyro radius and n; = n., g = —e are assumed.

Equation (1) indicates that when there is a temperature gradient or a magnetic field gradient,
ion and electron flow down on these gradients. Since both species have the same velocity, they
make a plasma transport which is naturally ambipolar. In actual tokamks there are radial electric
fields and charge separation so n; is not exactly equal to n.. This would makes equation (1)
more complicated, but its transport rate is in the range of the classical diffusion coefficient
which is much smaller than the transport described in section 3.3.

3. Plasma transport from ion—neutral and electron—neutral collisions

3.1. Saturation of the radial electric field

The average vertical velocities of an ion and an electron upon collision with a neutral can be
described as follows:
E 1 10P kT; 1 9ny

in = ___ - 5 ’
B ¢gBniox ¢gBn, 0x
E 1 10P. kT, 1 9n,

B eBZ 0x

Uye =

bl

+__
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Figure 2. Scattered angle distribution of ion—neutral elastic scattering. From the conservation of
energy and momentum, incident ion loses half of its momentum. Here the grey solid lines are
trajectories of scattered ions and the dotted line is a trace of their gyrocentres. Taking the average
of the scattered gyrocentres makes the gyrocentre shift of an elastic scattering as half of the incident
ion gyroradius.

where P; is the ion pressure and P, is the electron pressure. While the momentum loss of
the ion—neutral charge exchange is m;vy; because the ion loses its identity and the new ion’s
direction is isotropic, the ion—neutral elastic scattering makes momentum loss of 1/2m;vy;
since the scattered angle distribution is isotropic in the centre of the mass system, as indicated
in figure 2. On the other hand, the electron—neutral collisions make momentum loss of m.vye
because of the large mass difference of the neutral from the electron. Again by the fluid
equation of J x B = nvS™ (v is the collision frequency and S™ is the momentum loss), the
radial current densities are described as follows,
JiGCS _ m,-n;gvi_n (E _ Ll% kT} 1 Bnn>

—— @)
B ¢gBn; 0x ¢gBn, 0x

JeGCS _meneve—n <E 11 8Pe + k_]}i ann)7

B eBn. 0x eB n, dx

where vi—, = vcx. + 0.5 (vex. is the charge exchange frequency, v is ion—neutral elastic
scattering frequency) and v.—, is the electron—neutral collision frequency. As indicated above,
ion current is higher than electron current approximately by the difference in their masses.
Therefore, as time goes by, the ion current makes charge separation by the continuity equation
(VJ = —dp/dt, p is the charge density), and as charge separation increases, the electric field
also increases, which is in the opposite direction to the ion current so that the ion current
approaches zero. When the charge separation is built in an infinite slab geometry, the resulting
electric field is induced by the equation of VE = p/2¢(, where g is the permittivity of vacuum.
By combining this equation with equation (2) and the continuity equation, one can find that
the time evolutions of the ion current density and the electric field formation are in the form of

exponential decay such as J(¢) = JoefT; and E(t) = Exo(1 — e'T;) where Jy is J; when E = 0,
E is the steady state electric field and #) = goB?/minivi—y. In typical tokamak boundary
conditions 7y can be as small as a few microseconds. Note that in this analysis

dE dt(VP/qny)  d(kTiVn,/qn,)

E» B dr " dt
is assumed and this assumption is agreed to the experimental measurements at H-mode
transitions where typical pedestal density rising time is in the range of a few milliseconds.

4



Plasma Phys. Control. Fusion 51 (2009) 065023 K CLee

snssassnse Z :1 ]

eff

—_—z, =27 ]

0o 5 10 15 20 25 30
time (usec)

Figure 3. Time evolution of radial electric field formation described by E(f) = Exo(1 — e’T)I),
where 1) = &g B? /min;vi—n. When Zg is high n; becomes small and this makes slower formation
of the radial electric field. Usually plasma parameters change continuously so there is no such
formation from zero initial value as in the figure; however this scale of time can be a limiting factor
for the sudden change at the L/H transition, as indicated in figure 6. This result shows that the

coefficient of equation (2) such as n; and ve—, does not make a big difference for the saturated value
of the radial electric field.

Figure 3 is the time evolution of the radial electric field at a point inside the separatrix when
the plasma parameters are simulated for the case of [3].

3.2. No turbulence case

The role of the electron radial current is stopping the charge separation before zero ion current
occurs. The saturation condition can be found when the electric field makes the same magnitude
of ion current as of the electron current (ambipolar electric field), which is described as follows:

110P, kT, 1 0n, 110P. kT. 1 on,
miniVig | E, ————+——— | = —meneVen| Es — —— + — >
g nj 0x q np 0x ene ox e n, 0x

where E, is the ambipolar electric field. At E, the ion radial flow rate becomes the same as
the electron radial flow so that there is no more charge separation and the electric field is in a

steady state. If we assume that v, and v.—, are the same (they are pretty similar for deuterium
plasmas) and 0 P/0x = kT (dn/dx), this flow rate can be described as follows:

) 1 on; 1 on,
Uxi = Uge = Vinle| — — 5+ — . (3)

n; 0x n, 0x

Here n; = n. and ¢ = —e are assumed. This result shows that the transport from ion collisions
with neutrals without turbulence has classical diffusion characteristics again but the magnitude

is even smaller than the transport from the electron—ion collision because of the small ion—
neutral collision frequency.

3.3. With turbulence case

When there is a turbulent flow in the vicinity of a plasma boundary where the plasma mixes
with outside neutrals, the saturation condition of the gyrocentre shift current becomes different
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Figure 4. 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 £ x B flows and (d) is a diagram of particle flow due to the density
fluctuations.

from the case without turbulence. As indicated in figures 4(b) and (c), when there is a 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
the neutrals are concentrated. Since the boundary of this individual bunch has plasma and
neutral density gradients (second and third terms on the right hand side of equation (2)), it
forms a localized electric field E and an E x B flow. In the macroscopic view we only count
the poloidal contribution from the E x B flow; however in this microscopic view looking
into the individual neutral bunches there are small localized E x B flows including the radial
component. Usually not all the particles are engaged in these E x B flows so the ratio of the
amount engaged in the fluctuation to the whole plasma density can be setas n (n = n/n). Since
the E x B flow is a convective fluctuation, ions and electrons move around without collision.
When the fluctuation scale is A, (turbulence wave length), the E x B flow moving back and
forth in the radial direction makes changes in the electron and ion densities as indicated in
figures 4(c) and (d) and table 1.

Here n’ denotes dn/dx. When we take a representative value of fluctuation flows moving
from x to x + A, it moves particles corresponding to the amount of nn(x) from x to x + A;. And
when it moves back from x + X to x, it moves the amount of nn (x +X;.) from x + A, to x. After
one cycle of representative fluctuation ([A] to [C] in the table 1), particles corresponding to the
magnitude of nAnj . move from x to x + A.; note 0 > n{ > n as indicated in figure 4(c) and
the same result is obtained from both the left-right-left cycle and the right-left-right cycle. The
meaning of setting 0 > n] > n_ is that the charge is already separated by the gyrocentre shift
(more + charges exist at the right side in figure 4). By the same way of density, the change of
charge density after one cycle is summarized as the magnitude of nie(n; — n.) moving from
X +A¢ to x; here the direction of movement is reversed since 0 > ni > n. This means there is a
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Table 1. Turbulence induced transport of plasma and charge.

X X+ )\.[
[A] n ni,e(x) =Nie ni,e(x +A) = Nje + )\tni,ye
P px) =eni—ne)=p p(x + i) = p+Are(n] —ny)
[B] n Rie — Nhje Nje + )\tn;& + Nnje
o p—np 0+ Me(ni —ny) +np
[C] n Nie — NNje + Nje + n)\tni/.e + nzni.e Nje + )\tn;‘e +NNie — NNje — ﬂ)ttn;,e - nzni,e
A Rie + Mg, = Nie(X) + nhen] A Rie + Mty o — Mty o = Mie(X + M) — nhn
P p(x) + nie(n] — ny) p(x +At) — nhe(n] — ny)

radial current flow opposite to the current from gyrocentre shift. Here it is worth to noting that
the approximation used in table 1 is limited by the first order perturbation and therefore this
argument is different from the turbulence structures induced by higher order applications. Now
we can continue to discuss the saturation condition of the gyrocentre shift. As charge separation
makes progress and the radial current from gyrocentre shift decays, its magnitude becomes the
same as the magnitude of radial current from turbulence fluctuation at a point in time. Since
these two currents are in opposite directions there is no more charge separation beyond this
point (here, electron gyrocentre shift current is neglected). This saturation condition means
that the gyrocentre shift current exactly compensates the difference of ion density change from
electron density change induced by the turbulence fluctuations (table 1). In the turbulence
case, gyrocentre shift only plays the role of saturation of charge separation and major plasma
transport comes from the turbulence fluctuations. Each magnitude of electrons and ions moving
A of distance is nAn.. Note that this is proportional to the electron density gradient not the
ion density gradient, and the £ x B flow takes 7 A,/ v, g of time to complete one cycle of
the circular motion indicated in figures 4(c) and (d), so the plasma flux moving towards the
boundary is described as
Ui E)"t

!
=——n

7 B ¢
where vz, p, = E /B is used. This induces the diffusion coefficient as
_n E At
"7 B
An approximation for E A can be made by the Boltzmann relation; eE At /2 = nkT, (here the

charge separation distance is assumed as A./2). In this approximation the diffusion coefficient
is described as

D

2 kT
D=, @)

For the aspect of diffusion coefficient which is proportional to the square of the density
fluctuation level, this result agrees with the experiment where the confinement time is inversely
proportional to the square of the density fluctuation level [5].

3.4. Modified Boltzmann relation

It is reported that the Boltzmann relation is not always satisfied in the plasmas. The origin of
the Boltzmann relation is that the electric force is in equilibrium with the pressure gradient
force. This may be quite true in the core region of tokamaks, but at the boundary there is a
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third force acting on the ions. The gyrocentre shift includes poloidal velocities indicated in
the parentheses of equation (2). If we call them effective velocity

E 1 10P, kT, 1 dn,
B gBn; 0x ¢qBn, dx’
the force acting on an ion can be derived by the fluid equation with equation (2);
miniVi—n E 11 8Pi le 1 3}’ln
—— v B=mnppyp|\ =D — ———+ —— .

B B ¢gBnj 0x ¢gBn, d0x
In equilibrium the summation of these three force terms is close to zero (F =~ 0). By
multiplication of parameters for both sides one can get the equation of

1 on; 10
¢E —kT— 2 g — 2

n; 0x n, 0x
9P

(here, g = e, = kTi% are used).

Applying this to the microscopic structure indicated in figure 4(c) with an approximation of
1 on, 1

nn 0X NL_,;

(Lj 1s fluctuation density scale length), one can get the force equilibrium equation as follows:

eE 1 1an

kT, Li nidx’
By integrating both sides over A;/2, one can get the modified Boltzmann relation as follows:

i eEl M

n 2kT, 2L
Regarding that L; becomes small to be comparable with A; only at the turbulence dominant
region (otherwise L is larger than A; and equation (6) becomes the conventional Boltzmann
relation), this result agrees with the experimental measurements of the density fluctuation
level and the plasma potential at the boundary of TEXT [6]. Introducing this relation into
equation (3) induces the turbulence diffusion coefficient as follows:

D= 2y(n+ 2 )AL )
A 2L; ) eB’

*

&)

F=JxB=

~0

(6)

4. Reynolds number for ion-neutral collisions and L/ H transition.

4.1. Reynolds number of magnetized plasma for collision with neutrals

First of all this concept of Reynolds number which has its origin from ion—neutral collision
is different from the magnetic Reynolds number [7] or the parallel viscosity [8] where their
origins are from collisions among ions and electrons. When the ion flow with poloidal drift is
considered as the main fluid of the friction with neutral, its first different feature from neutral
fluid is that the scale length reduces to the ion gyroradius. This is because any ion whose
gyrocentre is farther away than its gyroradius from the neutral cannot make a contribution
to the friction as indicated in figure 5. The second feature to note is that the magnitude of
momentum change that induces the friction is ion mass times the effective velocity which is
defined by equation (5). Therefore there is no linear velocity gradient as in the neutral fluid
viscosity. When we imagine a thin plate of neutrals located in the middle of a magnetized
plasma, apparently this plate experiences viscosity force by collisions of ions (figure 5). The
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Figure 5. Diagram of the ion viscosity upon neutrals; only ions with gyrocentre located inside the
hatched area contribute to the viscosity on the thin layer of neutrals.

viscosity force which is generated by ions in the volume of a cylinder with area of ‘A’ and height
of r1; (indicated in figure 5) is nym;vi—, U™ Ary, and the viscosity is defined as nimivi_nrﬁi from
the viscosity force equation (Fy = 0 A(dv/dy), here dv/dy = v*/ry, Fy is viscosity force
and 6 is viscosity). Reynolds number, which is the ratio of the inertia force to the viscosity
force, is described as follows:

mmiv*?/r;  eB

Re = nmVT NG — i U”, ®)

nimivi_nv* le
here Ai—, (mean free path of ion-neutral collision) = 1/0i—yny, Vien = Oi— U1 Ny, Oi— is the
cross section of ion—neutral collision and v, is the ion velocity perpendicular to the magnetic
field.

4.2. Fast and slow changes in L/ H transition

As described in section 3.3, the saturation of the radial electric field is determined by the
condition that ion gyrocentre shift current cancels the opposite current. When there is
turbulent density fluctuation, this condition is described as (m;njvi—,/B)v* = D(dp/0x),
here 9p/dx = e(n] — n.). Using this relation together with equations (7) and (8), one can get
the Reynolds number as follows:

At B ap
2L; ) min;(Gi—ny)?v, 0x
Here the general feature of fluids that the Reynolds number determines critical states from
turbulent flow to laminar flow is applied. In an L-mode state, the Reynolds number is higher
than the critical Reynolds number (Re* ~ 2400) so n stays at a higher value of turbulence.
As heating is added, the Reynolds number decreases due to the change of plasma parameters.

Re = z77(?7 + 9
T
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Figure 6. Radial electric field profiles for L-mode and H-mode cases. The calculations are carried
out by the uniform density fluctuation level, but the density fluctuation levels in the vicinity of the
separatrix are close to the experimental values.

When the Reynolds number reaches Re*, the turbulence is suppressed and n reduces suddenly,
which leads to a further reduction in the Reynolds number. The second change in the L/H
transition is the increase in the radial electric field which comes from the change in the saturation
condition due to the reduction in 7 (since the opposite current due to the turbulence is reduced,
ion gyrocentre shift current makes a deeper saturation than the L-mode case). This increase in
the radial electric field continues as the pressure gradient becomes stiffer, which is the result
of turbulence transport decrease by the reduction in diffusion described by equation (7). The
direct influences of turbulence suppression are 1 reduction and turbulence transport decrease;
these are the fast changes in the L/H transition. The secondary influence is the increase
in the radial electric field, part of which comes from 7 reduction and part of which comes
from the profile change in the 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 n reduction leads to a further decrease in the Reynolds number. On the other hand,
the slow change in the L/H transition is unfavorable to the clear bifurcation since the stiffer
density gradient generates a higher Reynolds number (the stiffer density gradient induces the
higher radial electric field, which induces an increase in dp/dx in equation (9) and lowering
neutral density increases the Reynolds number at the inside of the separatrix). The bifurcation
characteristics depend on the amount of 7 reduction occurring at the transition, therefore if
the n reduction at the transition is too small, the Reynolds number can be bounced back
to higher than Re*. In this case, H-mode plasma returns to L-mode after a short period in
which the stiff density profile forms. And the reverse process also can occur with multiple
cycles of both L/H and H/L transitions. This analysis agrees with the experiments for the
aspect that the dithering H-mode occurs when the confinement improvement by transition is
marginal [9].

5. Examples of calculations

First, to check the saturation condition of the gyrocentre shift where its current is compensated
by the turbulence induced opposite current ((m;n;vi—/B)v* = D(dp/dx)), the profiles of
the plasma parameters in the [3] were taken. The calculation results in figure 6 indicate that
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Figure 7. Calculated Reynolds number profiles for different plasma parameters. Grey (yellow)
arrows indicate the propagation of laminar region at the moment of L/H transition.

the saturated electric field profile depends largely on the density fluctuation level and if we
chose typical density fluctuation levels for the L-mode (n = 25%) and H-mode (n = 5%),
the radial electric field increase immediately after transition by deeper saturation discussed in
section 4.2. The magnitude of the saturated radial electric field in figure 6 is in agreement with
the experimental comparison in [3]. Basically the same plasma parameter profiles of figure 6
are used for the calculation of Reynolds number profiles with variations of low and high cases
and its results are indicated in figure 7. The plasma parameters in figure 7 have a difference of
50% in magnitude for the low and high cases. Asindicated in figure 7, if only ion temperature is
raised, the Reynolds number would increase. However, the plasma heating process practically
induces increases in both ion temperature and ion density and the Reynolds number decreases
with ion density. Therefore the overall effect of the plasma heating for the Reynolds number
depends on the combination of these two opposite influences. The plasma heating includes the
ionization process at the boundary, and the temperature dependence of ionization cross section
is very stiff rising at low temperature (up to 40 eV). This means if the neutral gas is sufficiently
supplied, the plasma heating not only increases the ion temperature but also induces a high
rate of density rising at the boundary. Another strong factor for Reynolds number reduction
is the increase in neutral density, which is indicated in figure 7. Although higher neutral
density seems to be favourable 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 regarded as one of the reasons for the casual access of L/H transition found in the
experiments. Figure 7 shows that the range of the Reynolds number of a typical tokamak
experiment covers the critical value even though the detail profile effects such as ionization
are not counted (the low and high cases in figure 7 are simply taken by uniform changes in the
parameters).

6. Discussion and conclusions

One of the reasons that make uncovering the physics of the tokamak boundary so difficult
is that there are lots of elements to check out. For example there are high level impurities
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at the tokamak boundary and they affect the plasma in many ways. Here we have neglected
the effect of gyrocentre shift by impurity ions such as the reaction of C*® and D into C*
and D" since its shift of gyrocentre after the reaction is small although the rate coefficient
is comparable to the main ion’s charge exchange rate coefficient. Another element to check
for the gyrocentre shift is the contribution from the banana orbit motion. When a trapped
ion makes the reaction with a neutral, the average poloidal momentum loss over the whole
banana orbit is non-zero. However, we neglect this effect because the poloidal component
of banana motion is slower than the ion thermal velocity and the number of ions engaged in
this contribution declines quickly as the neutral density increases since the ratio of the banana
orbit radius to the mean free path increases rapidly. Further more passing particles have no
contribution especially around the x-point which is regarded as an important region for H-
mode triggering. Another issue not included thoroughly in this paper is the mechanism of
perpendicular transport in the region outside of the separatrix ; scrape-off-layer (SOL). The
diffusion coefficient developed in section 3 (equation (7)) may not be applicable to the SOL
since in this region the flux surface is not closed and parallel plasma flow heats the plasma
facing components such as the diverter and this changes the equilibrium condition of the
radial charge distribution. Lastly, the effect from collisions among ions and electrons such as
poloidal viscosity and toroidal rotation is not included here. Although thorough investigations
of the issues including those discussed above remain as future work, the following are the
conclusions.

(a) The perpendicular particle motion through the gyrocentre shift of electron—ion collisions
induces transport as the random walks of the electron gyroradius inversely proportional
to the scale lengths of the electron temperature gradient and the magnetic field gradient
(equation (1)). The gyrocentre shift of electron—neutral and ion—neutral collisions for the
non-turbulence case induces transport as the random walks of electron gyroradius inversely
proportional to the scale lengths of the ion density gradient and the neutral density gradient
(equation (3)).

(b) When the plasma—neutral collisions are significant and the neutral density gradient is high,
the Boltzmann relation needs to be modified to include the force acting from the neutral
density gradient to ions (equation (6)).

(c) The turbulence flow generated by the ion-neutral collisions induces diffusive transport
(equation (7)) with the saturation condition of the gyrocentre shift current where turbulence
induced charge dilation compensates the gyrocentre shift current.

(d) A new concept of the Reynolds number for the magnetized plasma with ion—neutral
collisions is introduced (equation (8)) and this Reynolds number represents the plasma
state between turbulent and laminar flows as the conventional Reynolds number does
for the neutral fluids. As indicated in figure 7 under certain conditions of the plasma
parameters around the separatrix, the Reynolds number becomes smaller than the critical
value and the turbulence is suppressed. The reduction in the density fluctuation level
decreases more of the Reynolds number since it is a function of the density fluctuation
level (equation (9)), which provides a candidate explanation of the L/H transitions in
fusion devices.
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