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Abstract

It is widely recognized that various atomic physics phenomena associated with
impurities and recycled neutral gas in the divertor region of a tokamak can be crucial for the
drop of temperature and pressure from its high value near the mid-plane scrape-off layer
region to acceptably low values near the divertor plate. In this paper we present an analytical
and numerical investigation of a time dependent one dimensional plasma model describing the
evolution of multiple thermal and/or pressure fronts associated with radiation, charge
exchange, ion-neutral elastic collisons, ionizatton, volume recombination and paralle! flow
along the lines of force. The radiative thermal front is associated with MARFES and the
pressure/temperature drop associated with volume recombination effects essentially leads to a
detached plasma configuration with minimal thermal and particle fluxes to the divertor plate.
We investigate static thermal fronts, possibility of nonlinear propagating thermal waves and
some related questions regarding linear and nonlinear stability of simple 1-d configurations.
Our results have relevance to the interaction of ELMS (which are essentially bursts of heat and
particle flux into the scrape-off layer) with MARFE/detached plasma configurations in the

divertor scrape-off layer region.
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The negative T, always appcear spontaneously in Il-tnode, and that is related to
a larger ions loss than that of electrons in same region. The neoclassical effects of ion
and clectron lead to better understanding of the physics and mechanism of the L5,
formation and muy supply a cffective method 1o generate and control the E, with
suitable neutral beam injection in local region for reducing the threshold power.

The theory of single particlc motion in toroidal system shows that the orbit of
charged purticle has « displacement away from its initial magnetic surface driven by
curvature and VB drift. Because of small Lurmtor radius, the displacement of electron
is very small, generally, smaller than 1 mm, so clectrons essentially move an their
initial magnetic surface.

‘T'he ion curvature and VB drift direction and mid-planc decide whether the ion
orbit expands or contracts. The side in the dircction ot ion curvature and VB drift is
the expanding region, the other side is the contraction region. In the expanding region,
charged particles have radial motion toward outside magnetic surfacc. In the
contraction region, that have radial motion toward inside magnetic surface.

We well know that favorable ion VB drift direction towards X-point can
reduce 1l-mode threshold power in a single-null diverlor configuration. The analysis
of theory and simulation of curvature and VB drift in toroidal system indicated that
the contribution for reduciny threshold power is not only from the ion VB drifl
direction. The ion curvature drift is as important as ion VB drift. lon curvature and VB
drift in toroidal system are in the same direction. Their effects arc not scparatcd.
Because of curvature and VB drift, charged particles can not move along the magnetic
line, but move across the magnetic surface. When jon curvature and VB drift toward
X-point, the ions, inside and close separatrix, can drift out of separatrix. Unlike limiter
configuration, the outside magnetic surface of separatrix close to X-point in a divertor
couliguration is open. Many ions, cspecially with larger displacement, can drift out
separatrix, and do nol move inko separatrix again. These fons will move to the divertor
plale and arc then exhausted directly from X-point(Fig. 1). Because of a larger
displaccment, the loss of jons is larger than that of clectrons, so that the negative F,
appears just inside separatrix at first.

When ion curvaturc and VB drift is away from X-poinl, the ions, inside and
clase to sepuratrix, drift out separatrix on the side without X-point. On this side the
magnetic surface is close, so that the ions will move to the side with X-point through a
long distance in edge region oulside separatrix. It will kead to a high collisions and
pressure in edge rgion, especially for 2 namow outside gap. High collisions and
neutra) pressurc is untavorable for formation of ncgative L, they will reduec the
negative E(|1]. The ions with small displacement may move into separatrix again in
the side with X-point, becuuse ion curvature and VB drifl is away from the X-
point(Fig. 2). In such a case, the negative £, is smaller than the case that ion curvature
and such a case, the negative E, is smaller than (he case that ion curvature and V13
drift toward X-point, 5o larger threshald power will be nceded to generate H-mode.
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The ion curvaturc and VB drift and displacement in toroidal system can
explain the phenomena about the gap between plasma and wall or limiter in [.-H
transition, The width of transport barricr is about 2qr;, where ry is ion Larmor radius
near separatrix, The similar isotope and B scaling to the cxperimental result can be
got]2,3]. ‘threshold powet is Py < 2 BR /A;, Tor H and He plasma, the Py, is same.
For D plasma, the Py, is half of that for I1 and He plasma. In the threshold power
scaling, there is not any temperature dependence. The threshold power of [1-mode
represents the critical temperature. The steep density and temperature profile of ion
also lead to u separation of jon and clectron.

The negative [, always is associated with iuns loss or separation of fons and
electrons in same layer. The method of generation and control negative I, with local
NB1 is (hat the ions ionized in plasma must move in the expending orbit, which means
jon motion in the ontside region of initial magnetic surface. The local NBI can supply
continual jons loss or scparation of ions and clectrons, so that the negative E, for long
quasi-steady-state l-mnode may be oblaincd.
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Fig. 2a Theion C VB diift Fig. Zb Tha ion orbits
agway from X-point
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The cause of the enhanced core confinement in three regimes observed in tokamaks is
investigated: pellet enhanced performance (PEP) [1], radiation improved (RI) {2], and inter-
nal transport barrier (ITB) modes with weak or negative magnetic shear [3,4]. Theoretical
calculations of the linear stability and quasilinear transport of toroidal drift waves and high
toroidal mode number electromagnetic instabilities are compared with experiments. Three
theoretical tools are employed: a comprehensive gyrokinetic linear stability code [5] which
has been extended to shaped magnetic equilibria, nonlinear 3-D gyroflnid simulations [6],
and a reduced gyrofluid transport model [7]. A consistent picture of the transport of both ions
and electron energy is found for all three experimental regimes. It is found that generally the
low wavenumber part of the linear drift wave spectrum is partially or completely suppressed
by EXB velocity shear. This includes trapped ion modes (TIM), ion temperature gradient
modes (ITG) and trapped electron modes (TEM). The improvement in the ion thermal trans-
port is explained by this ExB shear suppression. The high wavenumber electron temperature
gradient mode (ETG) is not suppressed by ExB shear due to its high growth rate. This
explains the generally smaller reduction in electron thermal transport observed. The ETG
mode properties give rise to different levels of the electron transport in the three regimes.

The gyrokinetic growth rates (y) are computed without EXB shear (Yexp) for technical
reasons. The measured wgxp is then subtracted from ¥ to get a positive residual net growth
rate. This method of including ExB shear is based on nonlinear simulations of ITG modes
[6]. The simulations found that the turbulence was completely quenched when YExB > Ymax.
where Ymax is the maximum linear growth rate. By comparison, nonlinear decorrelation
theory [8,9] would only predict a small reduction in the fluctuation level when the ExB shear
is at the quench point. The quench point also does not follow linear eigenmode stability
(including ExB shear) in a torus but it does in a sheared slab magnetic geometry. Therefore, it
is possible to distinguish the quench rule from the other two theories experimentally. The
improved thermal confinement of the PEP mode has been ascribed to the stabilization of ITG
modes by density peaking. However, density gradients drive the TEM unstable. Thus, density
peaking alone cannot reduce ion thermal transport since the TEM mode produces ion heat
flow. The ion thermal transport reduction requires ExB shear suppression of the TEM in PEP
modes. Peaking the density increases the critical electron temperature gradient of the ETG
mode which improves the electron energy confinement. For large enough particle source and
high density a bifurcation to neoclassical electron transport, by complete ETG modes
suppression, is predicted to be possible [10] but has not been reported.

The RI-mode has reduced transport after impurity injection. Analysis of a DIII-D dis-
charge [11] with improved energy confinement after neon injection showed substantial EXB
shear suppression of the ion transport. The electron transport is also found to be improved
experimentally. The ETG modes have reduced growth rates in the outer part of the plasma
due to the neon kinetic response. There is a good correlation between the measured electron
thermal diffusivity and the ETG mode trends. Improved electron energy confinement persist
in both the L- and H-mode phases of the discharge. The energy confinement reaches three
times its pre-neon L-mode value during the improved H-mode (IH) phase. Sawteeth and
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