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ABSTRACT: The use of radio frequency (RF) waves in the range of Alfven frequency is shown to stabilise
the drift-ballooning modes in the iokamak if the radial profile of the RF field energy is properly chosen.
Stabilisation is achieved by the ponderomotive force arising due to the radial gradient in the RF field
energy. The estimate of the RF power required for this stabilisation is found to be rather modest and
hence should be easily obtained in the actual experiments. This result therefore shows that the use of the
RF waves can create a transport barrier to reduce the loss of particle and energy from the plasma. The
new improved mode produced by the RF is expected to have all the advantageous features of the enhanced
reverse shear (ERS) modes and at the same time will, unlike the ERS plasma, be sustainable for unlimited
period of time and hence should be an attractive choice for the reactor-grade self-sustaining plasma.

The economic viability of a tokamak as a leading contender for a fusion reactor crucially depends
on the development of a magnetic configuration that has good confinement and stability and
a large fraction of bootstrap current. Understanding and control of turbulent transport and
of its underlying driving agents is therefore a prerequisite in this process. Recent discoveries
of various enhanced performance operational regimes like the H-modes [1], the VH-modes [2]
and the enhanced reverse shear modes (ERS-modes) [3-4] has opened up a new window for
improved tokamak operation. It is usually believed that the ERS configuration can provide the
characteristics desirable for a fusion reactor [5].
One of the remaining challenges for enhanced tokamak operation is the development and understanding of the basic physics involved in the process that leads to the transition to the improved
confinement modes. While a sheared poloidal (toroidal) flow is found to be responsible for the
H- (VH-) modes, a hollow q profile (henc? normally a hollow current profile) is necessary for
the ERS modes. Most tokamaks however operate with inductive current drive which in general
produces a peaked current density profile at the magnetic axis because of the strong dependence
of the plasma conductivity on the electron temperature. Only by noninductive current drive or
transient techniques can a hollow current density profile be generated.
Recent experiments in the PRX-M indicate that if NBI heated plasma is further heated up by
ion Bernstein waves (IBW) there is a significant increase in the core plasma temperature and
hence in the confinement, the so-called CH-modes [6]. This raises interest in whether RF waves
can be used to create the transport barrier to reduce the loss of particles and energy from the
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plasma. The final run of experiments in the TFTR were originally planned to investigate this
key issue. From the theoretical point of view, there is already an indication that RF waves can
stabilise ballooning type MHD instabilities [7]. However, no such investigation on the effect
of the RF waves to our knowledge has been carried out for the drift-type microinstabilities,
stabilisation of which is essential for the formation of the transport barrier.
In this work we suggest that the transport barrier may be created by suitably launching RF
waves in the Alfven range of frequencies. We demonstrate that RF waves through ponderomotive
force arising due to the radial gradient in the RF field energy stabilises drift-ballooning modes,
which have been identified as the likely mechanism for anomalous transport in the plasma [8,
9]. We also demonstrate that the stabilisation can be achieved for rather modest values of the
RF power and hence should be easily obtained in the actual experiments. The new improved
mode produced by the RF will, unlike the ERS modes, be non-transient in nature and should
be sustainable for unlimited period of time. This mode thus is free from the main shortcoming
of the ERS plasma and should be an attractive choice for the fusion reactor.
A nonlocal stability analysis for the collisionless drift-ballooning modes is carried out on the basis
of a simple two-fluid model. We use the usual (r,0, £) coordinates, corresponding to the minor
radial, poloidal and toroidal directions respectly and consider the long-wavelength (k'gpl <C 1)
drift waves for a large aspect-ratio circular tokamak. The perturbed potential can then be
expressed as:
4>(x, t) = 4>(p, 9, £, t) = 4>{p)exp[i{nt - mo0 - cot)},

where p = (r — ro), ro is the radius of the reference mode rational surface, i.e., mo =
nq(r0),
kg = y 1 , and s — r-^- at r = ro. Here, for simplicity we will assume the ions to
be cold and will ignore the electron temperature gradient. Using fluid descriptions the eigenvalue equation in the presence of RF ponderomotive force can be derived in a straightforward
way [10-11]
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where p2 — —§-,Cg — ^,(n
= 9Q = Ln/R, 0J*{p) the diamagnetic drift frequency and L»
the density gradient variation scale length and typically of the order of density scale length Ln.
VRF(P) is the induced oscillating fluid velocity in the presence of an external RF field. The ponderomotive contribution due to the RF field enters the force balance equation through the term
van < {VftF-V)VfiF > a n ^ c a n ^ e simplified to \mnj-\VRF\2 assuming that the ponderomotive
forces are radially symmetric [12].
The first term in equation (1) arises from the finite Larmor radius effect and the third from the
ion-sound. The fourth is the effect of toroidal coupling whereas the last term introduces the
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radial variation of a;* with £* 2 = ( ^ ) ( - j ^ ) - We assume a simple general case of the variation of
VRF(P)
and
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To reduce the 2 dimensional (2D) eigenmode problem to 1 dimensional (ID), we will apply the
ballooning transformation. To determine the radial mode structure the solution of the fully
two-dimensional eigenmode problem must be obtained. Within the framework of ballooning
formalism, this needs solving the problem to higher order. The problem then separates into
two distinctive radial length scales. To leading order the problem reduces to the usual ID
eigenmode equation (with radial variable appearing only as parameter) which determines the
mode structure along the magnetic field lines. The next order equation then determines the
radial mode structure. In the usual theory of high n ballooning modes [13] one maps the
poloidal angle 6 on to an extended coordinate x with — oo < x < oo and writes the perturbation
in the form
x d

) X,

where

' $ = A(x)F(x, x) exp[-ix(X + Xo)]

where \o is an arbitrary phase of the eikonal and x = kgps. Here, A(x) is assumed to vary on
some scale intermediate between the equilibrium scale length and the perpendicular wavelength.
Now to leading order (in n" 1 / 2 expansion) the ballooning equation becomes

F=0

(2)

The first derivative (with respect to x) term can be removed by suitably changing the dependent
variable (to £). Equation (2) then reduces to

+(k9p)\l

+ J 2 ( X + xo)2) + ^]Z

=0

(3)

where,

LRF

2LR

RF

Now to explore the implication of the RF field profile on the radial structure and on the stability
of the modes one needs the higher order ballooning theory. In the higher order theory Xo ls
obtained from the equation J^-(a;,xo) = 0 and the radial envelope function A(x) satisfies
Pi ~ 2p2x2]A = 0,
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(5)

where, ft = fc2 \s2[<i£
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keps- Equation (5) is a simple Weber equation. When P2 is positive and

2

dx o > 0 (d il/dxi > 0 is necessary in order that the mode be most unstable [13]), A(x) is a
localised Gaussian function. However, an important change is introduced by the ponderomotive
contribution. Assuming Ln ~ 3cm, LRF ~ lcm and taking kgps ~ 0.1, we find that P2 becomes
negative for VRFO/CS ~ 10" 1 (which means that the RF power is only a small fraction of the
thermal power. Note also that this is the RF power at the resonance, which is much larger than
the overall average RF power). It is important to note that the length scale for the RF wave
is difficult to give precisely since the intensity has a singularity in ideal MHD theory, and the
actual width predicted will depend on what sort of resistive damping or finite Larmor radius
effects are used to eliminate the singularity. It is also interesting to note that to consider the
most unstable situation we have assumed Ln rather small, which however is expected in the
region where transport barrier is formed. With p-2 negative A(x) is then given by

A(x) = exp[-ih\ & \ / \ ?£ \)W]

(6)

So, the mode envelope is now radially outgoing which is reminiscent of the equivalent slab problem [14]. The quadratic x variation of the RF field energy in the toroidal problem like the
magnetic shear in the corresponding slab problem creates an antiwell in the radial direction (instead of the well formed by the diamagnetic frequency). The wave energy is therefore converted
outward. The eigenvalue is given by

The negative imaginary contribution in the eigenvalue shows that the RF field profile stabilises
toroidal drift waves which otherwise escape magnetic shear damping! The actual stability of
the mode will be determined by the relative magnitude of the destabilising contribution (Qo)
and the stabilising contribution of the third term in the RHS of equation (7). Choosing, as
before, Ln ~ 3cm, q = 3,3 ~ l,i?, = \..5m,keps ~ 0.1, Ag ~ Inn, LQ{= ( ^ T T ^ ) " 1 ] ~ Iradian,
and ft ~ 1, it is easy to see that the complete stabilisation of the mode is actually possible.
It is interesting to note that the sign and the magnitude of the linear variation of the RF
energy has no direct effect on the stability. The linear term shifts the potential, but does not
alter the quadratic structure. It also shifts the centre of the mode away from the ,r = 0 rational
surface. The main stabilising effect comes from the quadratic term which forms an additional
antiwell which pushes the wave function away from ,r=0, thus increasing the stabilising effect
and weakening the driving term simultaneously. Also important to note that the theory assumes
that the RF wave is producing an oscillating fluid velocity, so this points towards a low frequency
wave. One possibility is to use the Alfven resonance, which produces highly localised intensity
maxima which coincide closely with flux surface [15].
We will now discuss the effect of the ponderomotive force on the turbulent transport coefficient
by using the mixing length theory, according to which the turbulent diffusivity is given by
Xk = 7/cAf

where 7^ is the mode growth rate and Ajt is the mode width. We have already seen that the
growth rate of the linear mode is reduced in the presence of the RF field. It is also easy to see
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that the radial width of the modes related to the individual magnetic surfaces is also reduced.
To see this we note that in deriving Equation (3) we have removed the first derivative (w.r. to \)
term by suitably changing the dependent variable (from F) to £. The relation between F and £ is
given by equation (4). So as evident from equation (4) the radial width of the individual mode is
reduced due to the presence of the ponderomotive force. So, the corresponding transport is also
expected to be reduced by the ponderomotive force. Coming to the global transport, at the first
instant it seems difficult to reach a definitive conclusion about it. This is because, whereas the
growth rate of the linear mode decreases, its global mode width [given by Equation (6)] increases.
However, as has been mentioned by Sen [11] that there may be some additional processes (such
as electron Landau damping and fluid resonance) determining a finite mode width rather than
the outgoing wave situation which otherwise holds in this situation. Hence the corresponding
global transport is also expected to be reduced in the presence of the ponderomotive force.
In summary, we have investigated the effect of the RF waves on the stability of the collisionless
drift-ballooning modes, which have been identified as the key mechanism for the anomalous
transport. Our full analytic stability analysis shows that RF waves in the Alfven range of
frequencies can have a significant effect on the stability of the drift-ballooning modes if the
radial profile of the RF field energy is properly chosen. This stabilisation is achieved through
the ponderomotive force arising due to the radial gradients in the RF field energy and is different
from the stabilisation mechanism due to RF-induced poloidal-shear-flow which is thought to be
responsible in the case of IBW induced CH modes [6], The estimate shows that stabilisation can
be achieved for rather modest values of the RF power and should be easily obtained in the actual
experiments. This result therefore shows that the use of RF waves can create a transport barrier
to reduce the loss of particle and energy from plasma and as there is no time limit for how long
RF power can be launched, a stationary, non-transient improved mode can be envisioned in the
plasma core by this technique. This mode is expected to have all the advantageous features of
the ERS plasma and at the same time will, unlike the ERS mode, be non-transient in nature
and should in principle be sustainable for unlimited period of time.
Before concluding it is important to mention several simplifying assumptions that have been
made which may restrict the scope of our results. Among the effects that we have not considerd
here are the nonlinear contributions of the RF waves, in particular the sideband coupling contributions have been neglected. Contributions coming from these terms are however negligible
for the limit considered by us Ln > LRP [7]. We have also assumed that the ponderomotive
forces due to the RF field is radially symmetric. However, it has been pointed out by Appert et
al. [15] that toroidal effects do not greatly effect the position of the Alfven resonance, so this is
a reasonable assumption. Furthermore, we have neglected the modification of the equilibrium
profiles in the presence of the RF waves so that our results are limited to the low RF power
levels. Notwithstanding these restrictions, however, the basic stabilising mechanism from the
RF ponderomotive force is quite unambiguously shown by our simple model and is not expected
to be seriously modified by any of the above simplifications.
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