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Abstract A new interpretation is proposed for the well-known observation of
sawteeth stabilization, during ICRH at JET and TFTR. It is shown that the radial
fluxes of superthermal and thermal ions across the q=l surface, exchange a finite
amount of power with the m=l internal kink mode (associated with the sawtooth
instability) which is suppressed. The dominant contribution to this effect in the
present theory is provided by the passing ions, which experience (due to the
fluctuations) a much faster (than the trapped ions) radial diffusion.

1. Introduction
The well-known "sawtooth instability", thought to be triggered by the m-l

internal kink mode, has been observed in every tokamak since its discovery at PLT. With
the application of powerful heating in JET [1] and TFTR [2], it was subsequently found
that the sawteeth oscillations are suppressed during ICRH. In some cases the stabilized
phase of a single "monster" sawtooth is sustained through-out the ICRH pulse, while in
other cases "giant" sawteeth reoccur in the electron temperature, but with a repetition
time which is mach larger than the sawteeth period in the absence of ICRH. Furthermore
it was found at JET and TFTR that sawteeth stabilization is achieved better with on-axis
ICRH, when the power deposition profile is peaked inside the q=l surface.

The experimental finding that sawteeth stabilization persists, past the end of the
ICRH pulse, for time intervals comparable to the fast-ion slowing-down time, provided
the clue that sawteeth stabilization is a superthermal ion effect. By now the best-known
mechanism of sawteeth stabilization [1] is a consequence of the toroidal precession of the
superthermal trapped-ion "banana" orbits. The toroidal precession of the banana orbits,
however, is not the only superthermal ion flux. Superthermal ions experience also radial
diffusion in the background plasma, out from the IC resonance where they are produced.
Radial diffusion of the passing ions in particular, in the Rechester-Rosenbluth model [3],
is a consequence of the magnetic fluctuations. In the present work it will be shown that
the radial diffusive flux of the superthermal ions provides an additional, or the dominant,
stabilizing effect on sawteeth.

2. Power Transfer to the m=l Mode during ICRH
The general formula for the power transfer [4], from a population of charges with

density n , to a magnetic perturbation such as bmn (r)expi(m0 + ncp- cot) is

dP r i \
— = qB0-[(O-<Q* }iqvq. (1)
dV m H

where vq is the diffusion velocity due to the mode and 0)*q is the diamagnetic-rotation

angular velocity of the population of the charges i.e.
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CD*q =Tq(qBorAqy, with Aq =-nq(dn(j/dr)~]. (2)

The dependence of the exchanged power on the mode amplitude b is implicitly included

through vq . The actual relation between b and vq depends on the transport model. In

the Rechester-Rosenbluth model [3] (for the diffusion velocity due to the magnetic

fluctuations) vq is quadratic in b .

Given relation (1), we examine below the non-resonant transfer of power to the
m -1 mode, during ICRH deposition: (i) on axis, and (ii) outside the q = 1 surface,
(i) During on-axis ICRH there is in principle a peaked superthermal ion density
profile inside the q -1 surface. In the presence of the peaked superthermal ion density
profile, the radial fluxes of charges (other than the ambipolar steady-state fluxes of
thermal ions and electrons) across the q = 1 surface are:

• the diffusive flux of superthermal ions out from the q = 1 surface, and

• the (opposite to the superthermal ion flux), flux of thermal ions which is required for
particle balance inside the q = 1 surface.

The power which is transferred to the m = 1 mode by the above superthermal and thermal
ion fluxes, according to relation (1), is

-^- = eBor(Q)-CQ*si)nsivsi, (3)

dV u ^
The total transfer of power to the mode, by both fluxes, is obtained by adding relations (3)
and (4). Given, however, that the superthermal and thermal ion fluxes, out from and into
the q = 1 surface, are opposite to each other (i.e. «,!>,- = -nsivsi) we obtain that the total
transfer of power to the m -1 mode is given by

dv ° *' *•"
Relation (5) discloses that any finite transfer of power to the mode would arise from the
difference co*si - «*, and is independent of the mode frequency. Given that for outward

diffusing superthermal ions vsi > 0, a necessary condition for the suppression of the

mode is co*si > con. The effect of this power transfer on sawteeth will be examined

quantitatively in the following section.
(ii) During ICRH outside the q — 1 surface there is in principle an almost flat
superthermal ion density profile inside the q = 1 surface. This is a consequence of the
very fast steady-state diffusion of the superthermal ions, which could accumulate on axis
before of been thermalised. In the presence of the almost flat superthermal ion density
profile, the diffusive flux of the superthermal ions across the q = 1 surface would be
negligible and, hence, according to relation (5), there is no power transfer to the m-\
mode. This would explain why no effect on sawteeth was observed during ICRH outside
the q = \ surface.
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3. Power Transfer to the m=l Mode at the "Sawteeth Cycle"
In this section we examine quantitatively the effect of the power transfer on the

m = 1 mode. The mode apparently would be suppressed when the power it looses to the
superthermal and thermal ions exceeds the power it obtains from plasma MHD-activity.
During the saturation phase, power input to the mode is equal to its resistive decay rate,

jy2. The condition for the suppression of the mode, expressed through the "efficiency

parameter" " / ", consequently is

^ W T ] / 2 < - 1 . (6)

Relation (5), with the aid of relation (2), and the Rechester-Rosenbluth expression for the

diffusion velocity, i.e. vsi ~ \p/B0 j (Tsi/mi ) l / 2 , could be also written in the form

dV [At s i [ Q j
(with all of the parameters in SI units, T in eV and n in 1019m~3). Using the well-

known relations 7] -SxlO^Z^T'3'2, j~b/{i0L where L is the scale length of the

m-\ mode, and L~ r/m = r we obtain

2 » ^ . (8,
1 e

Relations (7) and (8) together give

(9)
nt

Below we examine, in terms of the scale lengths, Ai and Asi, the variation of the
efficiency parameter and the evolution of plasma dynamics, as ICRH is launched on axis
in the presence of the sawtooth instability. The density profile scale lengths Ai and Asi

(at the location of the q = 1 surface) apparently depend on the steady-state transport
model and, in the presence of the m = 1 mode, the effect of the mode on the diffusion
velocity. If the diffusion velocity due to the mode is small compared to the steady-state
diffusion velocity, the mode has no effect on the density profile which is determined
exclusively by the steady-state transport. On the contrary, if the diffusion velocity due to
the mode is large compared to the steady-state diffusion velocity, the density profile is
locally flattened at the q = 1 surface. The local flattening of the thermal ion/electron
density profile at the q = \ surface (i.e. Ai =°°), in the presence of the m -1 mode, by

now has been well established/observed at the experiment. For the superthermal ions,
however, it is reasonable to assume that the diffusion velocity due to the mode is small
compared to the steady-state diffusion velocity, because of the very large gyro-radius.
This implies that the m = 1 mode should have no effect on the superthermal ion density
profile (which is determined by the steady-state diffusion model and the collisional
thermalization rate). In the absence of any information, as a first approximation, we use
Asi ~ a where a is the plasma radius. With the parametric values of a typical JET
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plasma, i.e. a = lm, rq=l=03m, B0=3T, ne = lx(1019m~3), Te =Tt =2xl03eV,

Zeff=2, the hypothetical value of r r i =10 4 eV, and the model approximations of

Ai=°°, Asi=a, relation (9) gives / ~ -104 (n si jni). It follows that a superthermal ion

density of nsi > KT4^- would be sufficient to suppress the mode. It must be pointed out,

however, that the Rechester-Rosenbluth expression applies basically for the passing ions,
while the majority of the superthermal ions, which are produced by the ICRH, are

trapped. Nevertheless, the required population of lO"4^, passing ions is expected to be

available in a typical ICR heated plasma.
With the suppression of the m = 1 mode, the thermal ion density gradient recovers

to a finite value at the q = \ surface (i.e. At ^°°) . At the same time, as the electron
temperature rises, the collisional thermalization procedure becomes less effective in
maintaining the gradient of the superthermal ion density profile, which becomes broader.
The consequence is that the stabilizing term Tsi/Asi decreases, while the destabilizing

term Ti/Ai increases. Given that (in the absence of the mode) Asi > Ai the difference of

the two terms in relation (9) eventually could turn positive and the power transfer
destabilizing. Sawteeth modulations, after the suppression of the m = \ mode,
consequently, could be described by the variation of / in the following way:

• When / < - l the stabilized phase persists through-out the ICRH pulse and
terminates (with the crash of the "monster" sawtooth), past the end of ICRH, within
the characteristic superthermal ion slowing-down time.

• When - 1 < / < 0 the stabilized phase becomes marginally stable.

« When / > 0 the stabilized phase terminates/crashes, before the end of ICRH, within
the characteristic internal-kink growth time.

With the growth and reappearance of the m = 1 internal kink mode, in the latter case, the
thermal ion density profile is instantly flattened at the q = 1 surface. This subsequently
leads to / < -1 and the "giant sawteeth cycle" is repeated through-out the ICRH pulse
with a period which corresponds to the profile recovery time.

4. Conclusions
It is remarkable that the two theoretical models, for the suppression of the

sawtooth instability by superthermal ions, are completely opposite to each other, i.e.:
• The resonant interaction is driven by the toroidal precession of trapped ions.
• The non-resonant interaction is driven by the radial diffusion of the passing ions.
The relative effectiveness of the two interactions apparently depends on the ratio of the
populations of the trapped ions and the passing ions.

References
[1] Francesco Porcelli, Plasma Phys. and Contr. Fusion 33, 1601 (1991).
[2] C.K.Phillips, J.Hosea, E.Marmar, et al., Phys. Fluids B 4, 2155 (1992).
[3] A.B.Rechester and M.N.Rosenbluth, Phys.Rev.Let. 40, 38 (1978).
[4] Avrilios Lazaros, Proc. EC-11, Oh-arai, (1999).

- 3 9 -


