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Abstract. The accretion theory of spontaneous toroidal rotation connects this phenomenon to the energy and parti-
cle transport properties of the plasma column and to the relevant collective modes. The consequent prediction that
an inversion of the velocity direction in the transition from the H to the L regime should occur has been verified by
the experiments. The theory is consistent also with the observation that the velocity is depressed when a peaked
density profile appears as a result of atransport barrier. The fact that the rotation velocity increases with the total
energy content is explained by the fact that the inflow of angular momentum, whose source is at the edge of the
plasma column, results from the excitation of modes driven by the plasma pressure gradient. A quasi-linear deriva
tion of the angular momentum transport produced by these modes, whose novel feature isthe inflow, is given and a
model of the relevant (transport) equation is solved. Fluctuations at the edge of the plasma column are considered
responsible for the scattering, out of confinement, of particles that transfer, to the surrounding material wall, angu-
lar momentum in the same direction as that of the phase velocity of the prevalent modes. Thus the fact that the
plasma rotates in the direction of the ion diamagnetic velocity in the H-regime, when the prevalent modes are ex-
pected to have phase velocity in the direction of the electron diamagnetic velocity, can be explained and the rate of
rotation decrease, as the plasma current isincreased, can be justified.

1. Link Between Spontaneous Rotation and Transport

The accretion theory [1] of the “spontaneous rotation” phenomenon [2] observed in axisymmetric
toroidal plasma experiments has tied this phenomenon to the transport properties of the plasma
column and to the modes responsible for them. In particular, the consequent prediction that the
rotation velocity should invert when a drastic change in the confinement characteristics is induced
as in the transition from the so-called L-regime to the H-regime, has been confirmed by the ex-
periments [3,4]. The more recent observation [5] of a significant change in the velocity of rotation
corresponding to the onset of a transport barrier in the main body of the plasma column is another
confirmation of the same feature. A key experimental finding is that spontaneous rotation is not
associated with the injection of RF waves [3] as this is seen both in the H-regime and in the L-
regime when only Ohmic heating is present (Fig.1). Thus the influence of lon Cyclotron heating
on rotation is indirect in that the plasma thermal energy and consequently the ion pressure gradi-
ent is increased by this additional heating. In fact the accretion theory which associates the rota-
tion with this gradient is consistent with the observation that the rate of rotation Av /7 Wi/l
where W is the total plasma thermal energy and | , is the plasma current.

2. Flow of Angular Momentum

In the context of the accretion theory, the source of the angular momentum acquired by the cen-
tral part of the plasma column is at the outer edge of it [6]. Therefore a process for angular mo-
mentum inflow (“pinch”) has to be introduced and associated with collective modes that are
driven by the plasma pressure gradient. The transfer of opposite angular momentum to the mate-
rial wall surrounding the plasma is considered to balance that acquired by the plasma column. In
particular, particles interacting with modes localized at the edge of this can be scattered to the
wall transferring, to it, angular momentum in the same direction as the mode phase velocity.

When the plasma is in the H regime a strong particle density gradient is formed at the edge of the
plasma column and it is reasonable to assume that ion temperature gradient driven modes, which
have a phase velocity in the direction of the ion diamagnetic velocity, are not excited. The strong
density gradient on the other hand favors the onset of radially localized modes whose frequency



Is proportional to the éectron drift mode frequency that is proportiond to the density gradient and
decreases with the poloida fied B, [ | p/a, a being the plasma minor radius. Referring to the

smplest, large aspect ratio toroida configuration, the relevant eectric field fluctuations can be
represented as E= E(r,&)cos (w—m%% +n°p) where J and ¢ are the poloidd and toroidd
angle, respectively. The toroidal phase velocity is wR,/n°, R, being the torus mgjor radius. In
particular, aRy /ng U €T /(eBy)d Inn/dr = vp,. Thus, when the plasmaisin the H-regime, the
main body of it should acquire angular momentum in the direction opposite to that of v, that is

in the direction of the ion diamagnetic velocity, a feature that is clearly seen in the experiments.
We note that, the existence of an active region with reatively strong fluctuations [7] near the
outer edge of the plasma column, and the presence of a steep density gradient, has been verified
in experiments by the Alcator C-Mod machine, in the H-mode regime. In particular a mode
whose phase velocity has a direction and value consistent with v« , has been identified [8]. We

aso note that the observation that Av , decreases as B, increases is consistent with the fact that
the radid excursion of the single particle orbits decreases as B jincreases as well as with the fact
that the mode amplitude can be expected to be correlated with the value of v, .

Following the same line of reasoning we argue that when the plasma column is in the L-regime
the high vaues that the thermal diffusivity acquires at the edge of the plasma column are the re-
ault of the excitation of ion temperature gradient (ITG) driven modes. The phase velocity of
these modes of which there are two kinds, one that can be found in a one dimensiona geometry
[9,10] and one that depends on the presence of atoroida curvature [11], isin the direction of the
ion diamagnetic velocity v ; = —c/(eB,n)dp, /dr . We consider that the effect of these modesis

prevaent at the edge of the plasma column and that in this region particles interacting with these
modes, are then scattered to the wall. Then the main body of the plasma column will rotate in the

opposite direction of v, that of the electron diamagnetic velocity. Thus a reversal of the tor-

oidal velocity of the central part of the plasma column should be observed in the transition from
the L-regime to the H-regime. This has been clearly seen in experiments with ohmic heating
only carried out by the Alcator C-Mod machine [3]. The same reversal has been observed
clearly in experiments where ICRH heating is prevaent by the Tore Supra machine [4] in the
trangition from the L-mode regime to an enhanced confinement regime with peaked density
profiles. The values of the velocity in the ohmic H-regime produced by Alcator C-Mod have
been in the range 3-8 km/sec.

3. Mode Transport Equation

The experiments indicate clearly that the transport of angular momentum is faster than pre-
dicted by the collisional transport theory, when the source of heating that maintains the
plasma thermal energy is sharply decreased [2]. Another experimental indication is that the
toroidal velocity extends to the center of the plasma column with profiles that are peaked [2]
or that areflat [5] locally.

Consdering that, in the accretion theory, the source of angular momentum is near the edge of the
plasma column, a simplified transport model can be adopted, to describe some of the observed
features, that is smilar to the well known one introduced earlier [12] for the particle transport.
The latter reproduces the observed centraly peaked density profiles when a source is present a
the edge of the plasma column (e.g., due to gas injection). The smplified model balances an in-



flow velocity of the specific angular momentum density mnJ, where J = Rv,,, and an outward
diffusion, in theinterior of the plasma column, as exemplified by aflux I" ; of the form

0J
s =‘mi”EJoVJ +D, or [ @
r
to be used within the conservation equation
omnJ
S +0I, =5, @

where S is a source localized at the edge. Theratio v, /D, is taken to be an increasing function
of the radius in the main body of the plasma column, asin the case of the particle transport model
equation, and in particular

Vi 4T
—=2—0a 3
5 25 ®

where a; = const. near the center of the plasma column. Clearly, when a, ~ 1 the stationary pro-
fileresulting from /7, =0 inthisregion, J=Jg(1-ajr2/a2), is pesked, whileif a, issmall
the profile is flat. In order to smulate the kinds of profiles that have been observed experimen-

tdly, Eq. (2) has been solved numericaly (by I. Dimov and S. Kurebayashi) using an ad hoc
source of angular momentum localized a r = a for different values of a,and models for D,

(Fig.2) considering that transport anayses of well confined plasmas indicate that the relevant
therma coefficients are strongly increasing functions of the plasmaradius.

4. Quasi-linear Theory

Here we demondtrate that electrostatic modes driven by the ion pressure gradient can pro-
duce an inflow velocity of angular momentum and find an expression for /-, from quasi-linear
theory that can lend support to Eqg. (2). For the sake of smplicity we refer to a one dimensiond
plane geometry where the magnetic field is dong the e, direction. A flow velocity v, (x)ez,
aong the magnetic field is present and is smdler that theion thermal velocity vy, . We note that,
in the case of deuterons, Vi, =310 km/secx (T, /1 keV)”Z. Since the maximum observed flow
velocity in the Alcator C-Mod experiments does not exceed 100 km/sec in the center of the
plasma column where T. is higher than 1 keV, thisiswell below vy, . We consider eectrostatic

modes, represented by é)=5(x0)exp(—ia1 +ikyy+ik"z), that are localized around a surface
X = X, and define the Doppler shifted frequency @ = w-Kkv,(X,) . For @ >k v,; the perturbed
longitudina momentum conservation equation is m n(— i) + Vg, dv /dx)= —ikyp; - ik"en(Z,
where Vg, = Eycl B= —ikycé/B and iap, =-Vgdp, /dx. In particular, we consider
(@/k, ) dvy/dx ~ (dp; /dx)/(mn) and |dp; /dx|c/(eBn) > |a/k, |. Then

o _kc-0v Kk 1dpD

v, =-2° a . 4
” quDde @ mn dx o @

We note that the velocity gradient term dv, /dx is a destabilizing factor for modes in the fre-
quency range kv, <@ <k, when[1314] k k; dv, /dx>0and k, /k, <0Oisthesign that we



consider referring to the case where dv, /dx <0 for v, >0 asthis applies to the nearly station-

ary velocity profiles established within the plasma column. In particular, if we refer to modes for
which sgnw =sgnk, such as w Ok v., where v., = —cT,/(eB)dInn/dx, we see that the

term proportiond to dp, /dx in Eq. (4) is of opposite sign to that of dv, /dx. To illustrate this

point further we note that the perturbed ion guiding center conservation equation is
of; /ot + v, dn/dx + ik||(n\7|| + ﬁiv”) =0 and we include [13,14] a very smdl dissipative term

v, in Eq. (4) representing, for instance, the effects of finite longitudinal viscosity. Then if we
teke A, =, and, Snce @ <KV, N, = nep(l-ie,)/T, where g, << 1 takes into account, gen-

erically, different factors including nonlinear interactions that can drive the considered mode un-
stable. Theresulting dispersonrelationis

CT a — kk EdV" k" 1 dpI O]
eB w2 Ypgdx wmnde

w(l-ig, ) =KkV., =

(5)
and we arguethat condition kyk; dv, /dx>0isthe onefor which the modeis easier to excite.
Therdlevant quasilineer flux I, = minwﬁk)vg") +91799 ) Dwhen using, for simplicity, Eg, (4)is

2 dv k do. O
wk dx 7

2
Here y, = Ima, isthe mode growth rate and note that D, = (Zyk /wf)[.l/(Exk)‘ Histhefamiliar quer

silinear “diffusion” coefficient. We see that the term dp; /dx is responsible for the relevant inflow. Since,
in the case we consider, the source of the momentum is at the edge of the plasma column, we argue that
dp; /dx drives the velocity gradient dv, /dx and keeps I relatively small. We consider the factor re-
sponsible for maintaining the mode amplitude to be the plasma pressure gradient which, in addition, drives
the relevant thermal conductivity. Thus both y}. and the mode amplitude V (Exk) depend on this factor. Note
that the inflow term Ky /(en)dp; /dx s about(ky /) (eB/C)[T; /Te + (dT; /dx)/(Te d Inn/dx)]
Thus, in the process, dv, /dx should increase as the ion temperature gradient is increased. This is

consistent also with the experimental observations that the rotation velocity increases when, at
constant density, the plasma total thermal energy is increased. The experimental observation [5]
that the rotation velocity decreases as a peaked density profile is produced in the central part of
the plasma column, when a transport barrier is formed that does not change the ion temperature
nor its profile, is also consistent with the fact that the inflow term becomes depressed when
dInn/dx increases.

Considering the limit where n; =dInT,; /dInn= w? /(k”vthi)2> 1 the dispersion relation (5)

yields also the ion temperature gradient driven mode, modified by the presence of dv/dx.
The contribution of this to the spectrum of modes that can be excited isimportant. In particu-
lar, in the range of wavelengths where the mode frequency is nearly red
and(z / k; )(dv / dx) = (dpi / dx) / (mn), (taking k; > 0 so that ¢« / kj < O while k, > 0), the effect
of 1p is sufficient to maintain the mode unstable. An estimate of the effective diffusion coeffi-
cient D for the angular momentum can be deduced from experiments in which the injected

heating is turned off, thus forcing the rotation velocity to decrease. The decay time reported in
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[2] for Alcator-C Mod is 7, =70 m/sec and for a rough estimate we may take
=a2k/(4r,) where k isthe plasma elongation. Thus, if we take a=0.2 m and «x =1.6,

=0.23 m?sec and the density fluctuation level that can produce Dy ~ D s relatively

low.
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