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Abstract

A new model for the structure of the radial electric field profile in the edge during
the H-mode is proposed. Charge separation caused by the difference between electron
and ion gyromotion, or more importantly in a tokamak, the banana motion (halo effect)
can self-consistently produce an electric dipole moment thaJ; causes the sheared radial

electric field. The calculated results based on the model are consistent with D-IIT D

and TEXTOR experimental results.
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I Introduction

After its first observation on ASDEX,! the transition from low confinement (L-mode) to high
confinement (H-mode) has been observed in many tokamaks®~® with different heating and
operational schemes.®~® The improvement of energy as well as particle confinement time is
the most important character of the H-mode. Other properties of H-mode include a rapid
increase of electron density, a sudden drop of H,/D, recycling, and sudden appearance of
radial electric field near the plasma periphery. The L-H transition can also be triggered by
an external electric field imposed by a biased electrostatic probe, with either positive (H;
mode) or negative (H_ mode) voltages.®

In recent D-III D and TEXTOR experiments,'®* a kink in electron density profile near
the last closed flux surface is observed. We propose that this kink is formed due to the
fast electron loss to the scrape-off layer. The resulting space charge is the source of the
radial electric field, which is widely believed to play a crucial role in L-H transition for
suppressing turbulence.*? Because ion gyromotion (or the banana motion) forbids a kink
in its density profile, the charge separation near the kink, within the scale length of ion
(poloidal) gyroradius, becomes inevitable when the electron kink forms. This is the so called
halo effect. The resulting sheared electric field makes the charged plasma rotate,'® causing

shear flow.

II Density Broadening

If f,. is the distribution of guiding centers, then the charge density at position x is given by:

n(x) = [ & fulx = p(v),V), o



where p = b x v/Q is the vector gyroradius, b = B/|B| is the unit vector of magnetic field,
and §) = eB/mc is the gyrofrequency. .

Suppose that there is symmetry in the y and z directions and that b = z, so that
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and

Further we suppose that
Nge(
folev) = 22 g0
M
where f3r is a Maxwellian with constant density ny;. We introduce thermal velocity vy, =

(2T /m)*/?, s = v, [vsn, p = vin/€) and integrate over v, and v, to express the density as

n(@) = = [ ds € nyi(o + ) (2)

Equation (2) shows the broadening of the density in its general form. For concreteness, we

assume that ng, is Gaussian:

1 z?
nge(z) = Jexp (=]

Then Eq. (2) gives
1 z2
n(z) = TEE exp (—m) :

It can be seen that n(z) is a broadened version of ng.. In a simple description, because of the
rapid gyromotion an ion can be considered as smeared over its gyroradius, so that its average
density can’t change faster than the gyroradius. The value and slope of n(z) is not affected
by the smoothing, only the second derivative (curvature) is reduced. When n.(z) ~ ng.(z) is
broader than ion gyroradius p;, n;(z) can match n.(z) to persevere quasineutrality. But when
n. has curvature radius 7, = [n.(r)/(d*n./dr?)]*/* shorter than p;, local quasi-neutrality

becomes impossible.



IIT Simple Model for Gyrosheath

We write Poisson’s equation as:

Ab

o ¢'=g(r) =S *f(r), (3)

where ¢ = e®/T is the normalized electrostatic potential, Ap = (T'/ 4dmnge?)'/? is the Debye
length of the plasma, g(r) and f(r) are the electron density and ion guiding center densities
respectively (both normalized to ng), r is the radial length normalized by Larmor radius p,

and S is the gyro-smoothing operator:
S+ f(r) = % i °; dse™ f(r + 5) 4)

where p is the ion gyroradius.

Keeping in mind the DIII-D and TEXTOR results, we choose a simple model for the

electron density profile near the kink region:

_mar+ g0 ifr<0
g(r)-—{mzr-l-go ifr>0 (5)

where m; # m;y are the slopes on both sides of the kink, go is the normalized density at
the kink. On both sides of the kink, if |r| > (2 — 3)p,, plasma should be quasi-neutral, so
that (S * f — g) should equal zero. The TEXTOR data shows that on both sides the plasma
potential ¢ is nearly constant, so that the monopole moment in this boundary layer must be
very small (= 0). If there are multipoles in the charge separation region, the radial electric
field due to them will be vary large, and the perpendicular conductivity oy = vm;/n;e?
will quickly damp them to zero. However, the dipole moment can’t become zero due to the
gyro-smoothing operator.

To see how the smoothing operator suppressed all moments higher than the dipole, we
express the ion guiding center density near the kink as a Fourier series,

f — Z Anei'lw

n=—oo

4



where z is normalized with poloidal ion gyroradius. Acting with the smoothing operator,

we find
F=8x f = Z Ane"“”e““z/‘*

n=—oco

The even terms of the series should vanish to maintain total charge neutrality in the tokamak
plasma, while the amplitudes of the odd terms beyond n=1 are strongly suppressed, so that
the only difference between g and F is a dipole moment (n = 1). We therefore choose the

ion guiding center density as:

_Jmar+go fr<A
flr)= {m2r+go ifr>A (6)

where A is a shift distance of order one.'*

After the integration the smoothed ion density profile becomes:

S f(r) =go+rm1;m2 +rm1;m2 erf (A —r)
Mg — M e_(A__,r)2 (7)

2

where erf (z) is the error function:

erf (z) = —j—’,?/om dse™

Then we can calculate the charge separation, electrostatic potential and radial electric field.

IV Trapped Particle Effect

In a tokamak plasma, trapped particles have the largest orbits. Since the bounce time of
a trapped particle 7, ~ R/v is much shorter than the diffusion time 7p =~ a®/D, where
D is the diffusion coefficient, the characteristic length of the trapped ion density can’t be
smaller than the ion banana width, A, & 1/€p,. In other words, trapped particle orbits lead
to a ion charge density smoothing, similar to gyro-smoothing, except that the characteristic

smoothing length is A;, not p.



In a tokamak, the charge separation arises mainly from trapped particles, and the electric
field due to the charge separation itself changes the trapped population. Thus the radial
electric field should be determined by the balance of the two effects.

From Poisson’s equation and the above argument, the radial electric field due to the

charge separation can be written as:

B, = drnoens(E,)epy [ (S + £(r') = g(r))dr (8)

where 7;(E,) is the fraction of the trapped particle due to the radial electric field and r’ is
the radial distance normalized by the ion banana width. Because the radial electric field

shifts the trapped particles to the Maxwellian tail'®, approximately we have
(E,) ~ e % (9)
where VE,, = cE, [v;B, is the normalized toroidal E x B velocity. Therefore we have
\Z c ‘ /
VEPeEpzeT/(S*f—g)dr (10)

;vhere Va, = (4mnom;/ Bz)l/ 2 is the poloidal Alfvén speed. We can solve Eq. (10) numerically
and calculate the radial electric field.

From DIII-D parameters, we have ¢?/V} ~ 10°, ¢ ~ 0.34, and the integral in Eq. (10)
is of order 0.1. The solution of Eq. (10) gives Vg, ~ 2.8. This is in fair agreement to
the experiment result, which gives VEP ~ 1. The higher value of electric field we get may
be because the actual kink in the electron density is not the infinitely sharp kink we have
assumed in our model equation (5) and (6). More importantly, we only considered the
electric field effect on the trapped population, and ignored the electric field effect on the

particle motion. We expect to reduce TN/EP if we take both these effects into account.



V Discussion and Summary

The electron density profile is found to have a kink near the separatrix (R = 2.28 m) during
the L-H transition in the DIII-D experiment.'® At that point, the electron density curvature
radius is smaller than the ion poloidal gyroradius, which is about 1 cm. Thus it is impossible
for the ion density to follow the electron density to maintain local quasi-neutrality.

The results of the calculations of the charge separation, radial electric field, and elec-
trostatic potential are shown in Fig. 1. We find that the model worked very well in this
case in which electron density has a shoulder-like kink profile, compared with the D-III D
experiment results shown in Fig. 2 of Ref. 10. Also during VH-mode discharge, it is observed

16,17

that the density kink and shear layer move inside at the same time. This supports our

model.

In recent TEXTOR* experiments, radial electric fields have been imposed on the plasma
edge by means of a biased electrode to investigate the influence on the plasma edge profiles
and its confinement. Above a critical bias potential a kink appears iﬁ the electron density
profile near the plasma edge (r & 46 cm), with a curvature radius much smaller than the ion
poloidal gyroradius. Using this electron density profile in our model, we can get the dipole
charge separation and the sheared electric field. We find that the calculated electric potential
in Fig. 2 agrees well with the experimental measurement as shown in Fig. 9 of Ref. 11. The
only difference is a small shift in the radial position. This is because our model fixes the
dipole moment value but not its position to within an ion (poloidal) gyroradius.

In HL-1 tokamak'® different isotopes (hydrogen and deuterium) have been used in bias
electrode induced H-mode experiments. The results show that it is easier to trigger H-mode
in D-plasma than that in H-plasma. This seems to support our model because the banana
width of deuterium is larger than that of hydrogen.

In summary, a new model for the structure of the radial electric field in the edge during the



H-mode has been proposed. The major idea is that the ion density profile can’t sustain sharp
radial features due to the gyromotion or more importantly, banana motion. The curvature
radius of the ion density change can’t become smaller than its gyroradius or banana width.
When the electron density profile changes so sharply that its changing scale length is smaller
than the banana width, the ion density can’t follow the change. The resulting dipole charge
distribution produces a sheared electric field. Because the radial electric field changes the
trapped population, a self-consistent radial electric field can be obtained by the balance of
the two effects. The whole process, from charge separation to formation of sheared electric
field, is very fast, matching the experimental observation of prompt potential change during

L-H transition.
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Figure Captions

1. Charge separation and radial electric field calculated from gyrosheath model with DIII-

D parameters. Comparision with Fig. 2 of Ref. 10 shows good agreement.

2. Charge separation and radial profile of electrostatic potential calculated from gy-
rosheath model with TEXTOR. parameters. Comparision with Fig. 9 of Ref. 11 shows

good agreement.
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