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I.  Introduction 

Since the “accretion” theory [1,2] of the spontaneous rotation phenomenon in axisymmet-

ric plasmas was introduced, the importance of this phenomenon has been increasingly recog-

nized and the body of experimental observations supporting this theory has grown considera-

bly.  Accordingly, angular momentum is ejected from the plasma column by modes excited at 

the edge of it in a direction associated with their toroidal phase velocity while angular mo-

mentum in the opposite direction resulting from the resulting “recoil” force is transported 

from the outer region of the plasma column toward the center of it.  The observed inversion 

of the rotation velocity in the transition from the H to the L confinement regime [3] is consis-

tent with the predictions of the accretion theory and has confirmed that, during the transition, 

the rotation propagates from the outside toward the center.  In the H-regime the central veloc-

ity is in the direction of the ion diamagnetic velocity and the prevailing modes at the edge of 

the plasma column, according to the theory, have phase velocities in the direction of the elec-

tron diamagnetic velocity.  In the L-regime the opposite situation occurs.  A series of experi-

ments carried out by the JET machine has confirmed these facts, and in particular the inver-

sion of the phase velocities of the modes excited at the edge of the plasma column in the tran-

sition from the L to the H regime [4].  Since all of these modes are associated with the energy 

and particle transport processes characteristic of the plasma column, one of the key features 

of the “accretion theory” has been the connection that it has predicted between transport and 

spontaneous rotation as well as the importance to this of the physics of the edge of the plasma 

column.  Thus, a scaling for the rotation velocity observed for different plasma parameters, 

that has been tentatively formulated, involves the characteristics of the modes excited both in 

the main body and at the edge of the plasma column. 

II.  V.T.G. Modes and Transport Equation 

 In the H-regime, where the highest rotation velocities have been observed, and most of the 

experiments have been performed, we consider that the inward transport of angular momen-

tum is associated with “VTG modes” that involve the gradients of both the ion velocity and 

temperature and have a phase velocity in the direction of the ion diamagnetic velocity.  For 
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simplicity, we refer to an equilibrium plane geometry where the plasma has a flow velocity 

V B= ⋅V B
�

 remembering that the extension of the relevant analysis to the case of an axi-

symmetric toroidal geometry has to be made judiciously.  In this context the VTG modes 

would not be of the ballooning type as they involve a propagation along the magnetic field.  

These modes are considered to acquire a saturated state in which the ion thermal conductivity 

and viscosity associated with the mode itself play an important role and to be represented by 

the fluctuating electric field ̂ ˆ−∇ΦE ≃  with ( ) ( )0
ˆ exp yx i t ik y ik zωΦ Φ − + +

�
ɶ≃  and 2 2

yk k
�
≪ .  

The z-direction is that of the local magnetic field.  The longitudinal phase velocities are in the 

range thi theV k Vω≤ <
�

while thiV V<
�

.  For simplicity, we neglect the density gradient rela-

tive to the ion temperature gradient, define ( ) ( )Ti yk c dTi dx eBω ≡  and consider0 0Tiω ω > .  

Thus, when 0dV dx≠
�

 the sign of yk k
�

 is relevant and two classes of modes can be identi-

fied on the basis of the sign of ( )yk k dV dx
� �

.  We assume ( ) 0V x >
�

 and indicate as “pri-

mary modes” those with 0yk k >
�

 that have the prevalent growth rates on the basis of con-

ventional linear theory in the initial phase, when momentum penetrates into the plasma col-

umn, when 0dV dx>
�

 and both dV dx
�

 and idT dx contribute to the momentum inflow.  In 

the “saturated” state where the momentum has penetrated and 0dV dx<
�

 the momentum 

outflow associated with dV dx
�

 is compensated by the inflow associated with idT dx.  The 

dispersion relation for these modes is 

2 2
2
0 0 2 2

0

s
Ti y B

T

k V dV
k k D

v dx
ω ω ω

ω
+ = −

+
� �

�
,       (1) 

where 0yk k >
�

, ( )B eD cT eB≡ , Tv  is the rate of transverse thermal energy transfer, and  

2
s e iV T m≡ ,  provided  ( ) ( ) ( )2 2 2

0 0Ti T s Tv k V vµν ω ω ω= +
�

 where µν  is the rate of viscous 

momentum transfer. 

The corresponding momentum flux that is given by 

2

02 2 2 2
0 0

1
ˆTk ki

m Ex
i T

v v vdV k dT
v

v dx m dx v
µ µ

µ

ω
ω ω

+ 
Γ ∝ − + + + 

� �      (2) 

includes an outgoing component proportional to dV dx
�

 and an inflow component propor-

tional to idT dx.  Here ( )ˆˆk k
Exv y c B= − ∂Φ ∂ .  At saturation, when the dispersion relation (1) 
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is satisfied, k
mΓ  vanishes.  On the basis of Eq. (2) we can propose a variant of the simplified 

transport equation introduced in Ref. [2] that has been used to simulate the rotation velocity 

profiles obtained experimentally.  This could be ( )m J a iiD J r J T T rρ  Γ − ∂ ∂ − ∂ ∂ ≃  where 

2J R= Ω , and Ω  is the rotation frequency.  Near 0r = , this equation gives( ) ( )2 2
0 2a TJ r J J r r−≃  

where 0J  is taken to be proportional to the source of angular momentum at the edge of the 

plasma column and ( )2 2 2

0
1 T i i

r
r T r T

=
 ≡ ∂ ∂  .  The “secondary” type of modes correspond-

ing to 0yk k <
�

 are considered to be non-linearly coupled to the primary modes and a simple 

analytical model for their dispersion equation is given.  The relevant k
mΓ , that vanishes at 

saturation, has a diffusive component as in Eq. (2) that is cancelled by the appropriate inflow 

term. 

 We note that in the absence of a velocity gradient ( )0dV dx=
�

 the spectrum of the ion 

temperature gradient (ITG) driven modes that are left is expected to be symmetric in yk k
�
.  

Thus, no net transport of momentum is produced.  Moreover, the prevailing modes should be 

of the ballooning type, in particular the Toroidal ITG modes [5] that depend strongly on the 

magnetic curvature, and do not propagate along the magnetic field.  If a strong density gradi-

ent, represented by the parameter ( ) ( )ln lni id T dr d n drη ≡ , is produced both the VTG and 

the ITG modes would be suppressed and no propagation of the rotation toward the center of 

the plasma column would occur.  This expectation has been confirmed by experiments with 

the Alcator C-Mod machine on which a strong density peaking process was induced in the 

center of the plasma column by the appropriate application of ICRH heating [6].  Then a rota-

tion velocity hole was observed [6].  We note that the VTG modes have a key dependence on 

the electron temperature and this is consistent with the eT  scaling of Vφ  derived from experi-

ments on the Dlll-D machine [7] with strong electron cyclotron heating.  In addition, Vφ  pro-

files with a central hole were observed. 

III.  Edge Modes and Blobs 

The H – confinement regime is characterized by the formation of a pressure pedestal 

at the edge of the plasma column with a steep density gradient.  Therefore, we consider the 

best candidates for excitation in the edge region to be resistive ballooning modes [8] that are 

represented by the following comprehensive dispersion relation 
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( ) ( ) ( )
2 2

2

21
Ai

di IT
m e

k V
iv

iD k
µω ω ω γ

ω ω⊥
∗

− + −
+ −

�
≃        (3) 

where ( ) ( )2 2I cdp dx Rγ ρ≃ , models the destabilizing effect of the magnetic field curvature 

1 cR  and of  the local  pressure gradient ,  ( ) ( )di y ik c dp dx eBnω ≡ ,  ( )2 2 4AV B πρ≡ ,      

( ) ( ) ( ) ( )1 ln lnT
e y e T e ek c dp dx eBn d T dx d p dxω α∗    − +   ≃  0.7Tα ≃  and ( )2 4mD cη π=

�
 

is the resistive diffusion coefficient.  From this we see that in the case where 2
mD k  is consid-

erably smaller than T
eω∗ , as appropriate around the surface where edp dr  is maximum 

within the “hot” pedestal, T
e iω ω γ∗ +≃  where 2 2 2 2

m I AD k k Vγ γ
�

≃ .  Thus, the relevant phase 

velocity is in the direction of the electron diamagnetic velocity consistently with the relevant 

observations made by the JET machine [7], [4].  In the case of a colder edge with smaller 

electron pressure gradients, that we may consider to be characteristic of the L-regime, the ra-

tio 2 T
m eD k ω∗  can have moderate values and, correspondingly, the relevant unstable mode 

acquires a phase velocity in the direction of the ion diamagnetic velocity [4]. 

The most attractive idea that is being pursued in order to specify how angular momentum 

is ejected to the wall is the formation of filamentary coherent structures, “blobs”, at the edge 

of the plasma column.  These blobs, whose velocity of rotation is related to and is in the same 

direction as that of the (edge) modes that produce them, convect radially toward the wall.  

Thus, momentum is transferred from the modes to the blobs and lost from the core plasma, 

providing a recoil force that can rotate the core.  In particular, the blobs may be viewed as 

emerging from the non-linear evolution of the edge modes that we have considered. 
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