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Introduction

The problem of understanding the transition from the L-confinement regime to the H-
regime is connected to that of describing theoretically the characteristics of the spontaneous
rotation process, and in particular, the change of rotation direction observed during this
transition. Following the line of the “accretion theory” of spontaneous rotation [1], the main
body of the plasma column is considered to rotate as a recoil resulting from the ejection of
angular momentum from the edge of the plasma column toward the material wall surrounding
it. Recent innovative experiments [2,3] measuring the evolution of the radial profile of the
toroidal velocity during its rise are consistent with the source of angular momentum being at
the edge [3].

The nature of the modes in the edge of the plasma column is considered to change in
the transition from the H-confinement regime to the L-regime as in the former case the edge is
characterized by a pressure pedestal with a sharp density gradient. At the same time the local

temperature is, generally, higher than in the L-regime.

Angular Momentum Ejection Process

Considering all of these factors, in the H-regime the mode that is judged to be
prevalent is driven by the combined effects of the plasma pressure gradient and the magnetic
field curvature. This mode is of the resistive type [4] and has a phase velocity in the direction
of the electron diamagnetic velocity. A ballooning mode with similar characteristics is the
collisional trapped electron mode [5]. Clumps of particles are considered to be ejected with a
toroidal component of their velocity in the same direction as that of the mode phase velocity
[6]. We observe that this mode is the resistive equivalent of the ideal MHD ballooning mode
[4,7] that has the same driving factor and gives rise to the so-called ELMs when the local
pressure gradient is excessively steep. Considering a simplified confinement geometry in

which ¢ and @ are the toroidal and poloidal angle respectively armgl the minor radial

coordinate, a ballooning mode that has a negligible amplitudé att/z (inner edge) is

represented by

ﬁzﬁ(r,e)exp{—iai +in’[ g—q(r) 6’]}
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near a rational surface=r, where q(r,)=m’/n°, m’>1, n’>1, andfi(r,8) is a

periodic function of & with its maximum atd=0. The particle and angular momentum
gjection is driven by the plasma pressure gradient that sustains the mode. In the envisioned
process the angular momentum of the mode does not change but the background plasma
recoils, acquiring an opposite toroidal velocity to that of the mode.

The dispersion relation for these collisional ballooning modes [6] shows that the
mode’s phase velocity can be inverted in highly collisional regimes as a result of the effect of
finite transverse ion viscosity combined with that of finite resistivity. However, this
circumstance that would give a relatively simple explanation of the transition from the H to
the L-regime where the inversion of the toroidal rotation is observed, has the drawback that
the needed anomaly factor for the transverse viscosity that affects poloidal flows would be

quite high.

L-Regime

Consequently we have considered another option, invoking an “impurity-like” mode
which is not of the ballooning type and which has a phase velocity in the direction of the ion
diamagnetic velocity [8]. We note that a comprehensive set of experiments on the edge
fluctuations has been carried out by S. Sharapov on the JET machine [9], showing that the
dominant modes have a phase velocity in the ion diamagnetic velocity direction in the L-
regime and in the opposite direction in the H-regime. The prevalent “impurity-like” mode
relies on the presence of a cold ion population at the edge of the plasma column with a

positive gradien{dn,/dr >0). This mode has the effect of bringing the coldipks inward

and ejecting the particles of the hot population while increasing the toroidal momentum of hot
particles and decreasing that of the cold particles. In order to describe the considered process

we refer to a plane geometry for simplicity wifh= fi(x)exp(-iat +ik,y +ikz) representing

the density fluctuations anBl = B(x)e, the main magnetic field component. The mode is of
the “traveling type”: it is not ballooning and it has a phase velocity in the range
V2. <(wlk)*<v2, <v2, where the subscripts and h refer to the cold and hot ion

populations. We consider longitudinal wavelengths that are shorter than the collisional mean
free path. We also consider frequenci@shat are purely real, as they can be obtained when

the growth rate resulting from the mode-particle resonance with the hot ion population is
balanced by the damping due to the mode-particle resonance with the cold ion population.
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The longitudinal momentum exchange due to the resmnaith the hot ions is represented
by
m ni®(Av,), +k, (AN, ), =0 (1)
and the momentum exchange due to the resonance with the cold ions is
m n=(Av,)_ +k, (AN, ) =0 (2)
where (AN, ), =-(AN, ). is the variation of wave occupation number [9] for the relevant

interaction andn® and n* indicate the density of the resonating hot and dolas
respectively. The energy conservation equation for the hot icgis, ) =m n®v;*(Av,),
where w(AN,) >0 implies (Av,) vi®>0, corresponding to an increase of the hot ion
velocity in the direction of the mode phase velocitw&s= w/k, . It follows that

n=(Av,), =-n®(4v,), (3)
implying that the cold ions recoil under the effects of the considered mode. We note that the

simplest form of the dispersion relation, when the contribution of mode-particle resonances
are neglected, is

kyc(T_]dn [T_j 1 (4)
w=-——— — |— where — |
eB\n

Commentson Inward Angular Momentum Transport

With the source of (recoil) angular momentum at the edge, another kind of process is
needed to transport angular momentum toward the magnetic axis. Traveling modes of the
VTG (velocity and temperature gradient driven) type [6] have been shown to be capable of

providing the inflow that is present in the global angular momentum transport equation

9 (op? 2 (5)
r,=-nD, {a—r(QR )+a, é(QR )} :

This equation has been used to reproduce the velocity profjleX(r)R observed in a

variety of experiments. In particular, one of the main conclusions of the recently published

Ref. [10] is that the experiments reported on the spontaneous rotation phenomenon in toroidal
plasmas are well interpreted by Eq. ( 5 ). This equation was first adopted to reproduce the
spontaneous toroidal velocity profiles in a paper presented at the 1998 I.A.E.A. Conference

[11]. Previously the same equation had been introduced [12] in 1994 on the basis of
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theoretical considerations and independently in Ref] in connection with a classic set of
experiments on induced rotation by neutral bean injection in toroidal plasmas. In both these
papers it was pointed out that the relevant transport equation, used also in Ref. [1], was
inspired by that introduced earlier to describe transport of particles in well confined plasmas
[14]. In fact, the particle transport equation included both a diffusion and inflow term to
account for the observed density profiles [14]. No mention of these facts is made in Ref. [10].
The observation included in the relevant abstract [10] that “intrinsic rotation is locally
determined by the local pressure gradient and increases with increasing pressure gradient” is
consistent with the results of previous papers such as Ref. [1] and Ref. [6] that considered the
ion pressure gradient as responsible for the angular momentum inflow from the edge of the
plasma column towards its center. In fact, experiments preceding those reported in Ref. [10]
are consistent with this theoretical conclusion.
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[1] B. Coppi, Nuclear Fusiofi2, 1 (2002).

[2] J.de Grassie, R. J. Groebner, K. H. Burrell, et al, Bulletin of the American Physical S&ciety
(16), 332 (2007).

[3] M. Bitter, K. W. Hill, D. Mikkelson et al, Bulletin of the American Physical Sock&y16),
214 (2007).

[4] B. Coppi and M. N. Rosenbluth, Proceedings of a Conference on Plasma Physics and
Controlled Nuclear Fusion Research, International Atomic Energy Agency, papers CN-21/105
and CN-21/106 (1965).

[5] B. B. Kadomtsev and O. P. Pogutse, Zhurnal Eksperimental'noi i TeoreticheskobEiziki
1734 (1966).

[6] B. Coppi, D. D'lppolito, S. I. Krasheninnikov, et. al. Proc™®3P.S. Conf., Rome, Paper
04.017 (2006).

[7] B. Coppi, Physical Review Lettes8, 939 (1977).

[8] B. Coppi, H. P. Furth, M. N. Rosenbluth, and R. Z. Sagdeev, Physical Review LeRérs
(1966).

[9] S. E. Sharapov, F. M. Poli, and JET EFDA contributors, International Sherwood Fusion
Theory Conference, paper 2C.30 (2008).

[10] M. Yoshida, Y. Kamada, H. Takenaga, et al, Physical Review Let@);s105002
(2008).

[11] B. Coppi, G. Penn, and L. Sugiyama, Proceedings of a Conference on Plasma Physics and
Controlled Nuclear Fusion Research, International Atomic Energy Agency, Paper IAEA-F1-
CN-69-Th3/7 (1998).

[12] B. Coppi, Plasma Physics and Controlled FuSgnl2B (1994).
[13] K. Nagashima, Y. Koide, and H. Shirai, Nuclear Fusén3 (1994).
[14] B. Coppi and N. Sharky, Nuclear Fusiah 1363 (1981).



