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ABSTRACT

Two-ion ICR (Ion Cyclotron Resonance) heating in a tokamak can produce
superthermal minority ions having orbital radii comparable with the plasma radius. The
drift motion causes the trapped fast ions to precess around the torus, thus forming a fast
ion current. We have used a semi-analytical model and a Monte-Carlo RF orbit code to
calculate the direction, magnitude and profile of this current. For typical high power
central ICR heating of JET, we find a fast ion current density of jij ~ 0.7MAm-2, peaked
at a radius ~ 30cm from the centre where it enhances the local current density. The effect
of the fast ion current is to flatten the g-profile within the region of the inversion radius of
MHD sawteeth, where sawtooth stability is expected theoretically to be sensitive to the
radial profile of current density. The fast ion current could explain the observed
sawtooth stabilisation during ICRH. We have examined RF heated JET data for
evidence of a correlation between the natural duration of sawtooth-free periods and the
expected magnitude of the off-axis fast ion current density. The data show a threshold
current density below which sawteeth are not stabilised. Above this threshold, the
duration of sawtooth-stable periods increases monotonically with the magnitude of the
off-axis RF fast ion current density.

The use of high power radio frequency heating in the ion cyclotron range of frequencies
offers one of the most promising methods of heating tokamak plasmas to thermonuclear
temperatures. The damping of the fast magnetosonic wave on a minority ion species leads to
the development of a non-Maxwellian velocity distribution function which is highly anisotropic
with a significant fraction of the resonating ions trapped in the toroidal magnetic field [1]. In
the large tokamaks currently operating (JET, TFTR) in which the wave fields are strongly
focussed on or near the magnetic axis, resonant ions in the MeV range of energies are
produced. These ions have large Larmor radii, and those particles which move on banana or D-
shaped orbits passing close to the centre of the discharge make large radial excursions across
the minor radius of the torus. The maximum radial excursion of such an orbit [2] is given by,



I'max = Ro (2.9 p q/ Rg)2/3, (1)

where the tokamak safety factor is q = rBy/RBg, By, Bg are the toroidal and poloidal magnetic
fields respectively, the Larmor radius in the total magnetic field is p = v /@,; and the
gyrofrequency is @; = ZsBy/My. The heated particles have atomic number Zs and mass My =
Afrmp, and v is the perpendicular velocity of the ion. As an example, consider a typical
helium-3 minority ion with perpendicular energy 3 MeV in JET having Larmor radius p = 0.06
m, and perpendicular velocity v = 107 m s-1. The maximum radial excursion of the ion from
the resonance layer is rpax = 0.5 m, and the maximum parallel velocity at this point is vy= §
106 m s-1. On the outer (large radius) branch of the orbit, the parallel velocity v) is large and
positive but on the inner (small radius) branch it is smaller and negative. In the limit of
negligible poloidal Larmor radius (pg ~ 0), the positive and negative motions exactly cancel in
one orbital period resulting in no net parallel motion. However, with finite poloidal Larmor
radius, these motions no longer cancel and, as is well known, the orbit as a whole precesses
around the torus [3]. Considering the whole ensemble of heated minority ions, this motion
gives rise to a net diamagnetic current of fast ions in a direction having the same sense as the
plasma current.

From the point of view of local current generation, simple consideration of the net
precessional motion of the fast ions neglects significant variations in the parallel velocity
around the ion orbit. For fast ions having large poloidal Larmor radii, the ion current density is
enhanced in a local region of the mid-plane outer orbital segment where vy, is large and positive.
However, as the ions drift back between their turning points along the inner segments of their
orbits, vy is smaller and negative. On general grounds we would therefore expect the fast ion
current density to have inner negative and outer positive components on a radial scale of length
~ pe. Moreover, when the poloidal Larmor radius becomes comparable with the scale length
of the current density profile, we expect the fast ion current density to modify that of the
underlying inductive current. For a sufficiently large off-axis fast ion current density, there
will be a flattening of the current profile inside a region of radius ~ pg.

In this letter we discuss first the radial structure of the diamagnetic fast ion current, using
a simple semi-analytical model. Then we calculate its magnitude and radial density profile using
the HECTOR Monte-Carlo code [4] and consider the effect of the diamagnetic current on the q-
profile. Finally, we derive a scaling law for the off-axis fast ion component and use it to
examine JET data for evidence of the possible role played by the fast ion current in stabilising
MHD sawteeth.



To obtain an initial estimate of the magnitude and spatial distribution of the current
density carried by the centrally heated minority ions, we have used a semi-analytical model,
based on solution of the the guiding-centre orbit equation to calculate the fast ion current at
points (g, 8) in the poloidal plane where € =r /R is the inverse aspect ratio and 0 the poloidal
angle. A gaussian RF deposition profile was used and the background density and electron
temperature profiles were assumed to be of parabolic form. The fast ion energy distribution
function was approximated by a Stix minority tail in the high energy limit, as discussed in Ref.
[5]. For a set of typical JET parameters (Table I), the result of this calculation is shown as a
contour map in Fig.1. The particles are reflected at the resonance line (r = 0) and so do not
penetrate to the high field side of it. The fast ion current is therefore poloidally asymmetric with
respect to r = 0. The map shows a prominent semi-circular ridge of positive (co-directed)
current density which results from the accumulation of co-moving ions on the outer part of
their orbits. The two small positive bumps at test points near the ends of the ridge result from
the relatively longer time spent by the particles as they approach their turning points. Closer to
the centre, the net current is negative and arises from the returning paths of the particles.

A poloidally asymmetric, non-inductive current density profile of the form shown in
Fig.1 will modify the tokamak equilibrium, particularly in the central region where the
magnitude of the fast ion current density can be comparable to the inductive current density. A
full solution to the equilibrium problem, with force balance satisfied everywhere, is beyond the
scope of the present paper. However, we expect there to be an outward shift of the magnetic
axis, since there is a net positive current on the low field side of the resonance. Based on the
JET parameters assumed in this letter, we estimate the first moment (centroid) of the current
distribution to be displaced AR ~ 5 cm outwards.

The fast ion current profile has also been calculated using the Monte-Carlo code
HECTOR. This code follows the guiding centre trajectories in the confinement field of the
tokamak and includes the important Coulomb scattering processes of energy diffusion,
dynamical friction, pitch angle scattering, and the resonant interaction of the ions with the
wave field. Further details on the treatment of the interaction with the background plasma and
cyclotron wave fields can be found in Ref [4]. These effects were not included in the simple
semi-analytical model. The plasma was assumed to be in steady state, with background
densities and temperatures of the form,

n(y) = {n(0) - n(1)}(1 - y)& + n(1), 2

where y is the poloidal flux function, a the profile parameter, and (1), (0) are the edge and
central values respectively. The RF power absorption profile was taken to be,



P(Z) = P(0) exp(-2LZ2), 3)

where Z is the distance from the median plane along the cyclotron resonance layer, and L the
electric field decay parameter. Based on full-wave calculations of the fast wave damping in
JET geometry [6], the characteristic decay length is typically L = 0.2 m. Single pass absorption
was assumed with a fixed wave vector parallel to the magnetic field. The minority ions were
assumed to be Maxwellian with temperature equal to that of the bulk species and distributed
uniformly over the inner region of the torus 0 <y <0.6. To achieve a reasonable degree of
confidence in the calculation of the current density 4000 particle trajectories were followed until
a steady state of constant fast ion tail temperature was reached. The resultant fast ion current
density profile, calculated after t = 3.0 seconds of heating and averaged over the displaced flux
surfaces (at R = Rg + AR) is shown in Fig.2 for the typical JET parameters given in Table I.
This heating time is equivalent to approximately three times the ion-electron momentum
slowing-down time (evaluated in the plasma core) and was found to be adequate to ensure that
the energetic ions reached steady-state. The maximum fast ion current density jjj ~ 0.7MA/m? is
parallel to the plasma current and occurs at minor radius 0.3 m. The current density curve has a
zero at radius rg = 0.14 m. In the Monte-Carlo calculation, integration of the profile fromr = 0
to r = 1y gave the negative component of the fast ion current I = - 16 kA, and integration from
r =rgtor = a gave the positive component, I+ = + 200 kA; the net co-currentis [g=1. + [ =+
184 kA. The semi-analytic model is compared in Fig.2 and shows reasonable agreement
considering that, in that case, a simplified minority distribution function was used.

The non-inductive fast ion current will modify the initial current density and the resulting
g-profile. To calculate the effect on the g-profile we model the fast ion current density by a

superposition of functions of the form

AP exp-qyl’2, @

where A, p, and ¢ are chosen to fit the calculated current density profile. The results for the
initial current density profile j = j(0)(1 - )%, where j(0) is chosen to yield a fixed edge safety
factor g(a) = 2.4, and o = 5/2 is used to give the experimentally observed ¢(0) ~ 0.7 are shown
in Fig. 2. The g-profile is modified considerably, the on-axis value g(0) increasing from 0.75
to 1.33, and the profile becomes non-monotonic with the appearance of a local minimum, dg/dr
= ( within the g = I radius.

The fast ions also transfer momentum to the thermal electrons which gives rise to a back-

electron current opposing that of the fast ions. By analogy with the standard treatment of this



effect in calculations of the neutral beam driven current [7], the net RF-driven current density is
given by,

Z
JRE = ju(l—é(l—l.%el/zfl)} (5)

where the effective charge number of the plasma is Z.g, and the parameter 4 is of the order
unity [8]. The right-hand term allows for the fact that electrons, trapped in the toroidal field
gradient, cannot contribute to the back-electron current. The term partly ameliorates the effect
of the back-electron current, particularly at large values of €. With the inclusion of the back
electron current Eq. (5) with Zs= 2.0, Zeg= 3.5, and A = 1, the non-inductive current density
maximum at r = 0.3 m is reduced to jij ~ 0.44MA/m?2, and q(0) = 1.05. Nevertheless the
increase in g(0) above unity as well as the flattening of the g-profile within the inversion radius
may give rise to observable effects, particularly in the context of equilibrium, stability and the
suppression of sawtooth activity. Therefore we have examined experimental data, from JET
ICR heated discharges, for evidence of sawtooth suppression when the predicted diamagnetic
fast ion current is expected to be significant.

To do this, we have derived a scaling-law for a quantity proportional to the magnitude of
the off-axis positive peak of the RF driven ion current. This quantity could be evaluated using
experimental parameters. At the point of maximum radial excursion of the fast ion orbit (&% =
I'max/ R), the maximum parallel velocity is given approximately by,

Vimax = VEL2,. ©6)

At the radius of the positive peak of the RF driven ion current, the net local fast ion current
density will therefore scale with plasma parameters as,

jienZev pyl?, )

where n is the number density of fast ions.

In searching for evidence of possible RF-driven fast ion current effects in JET data, we
have considered the effect that the fast ion off-axis current might have on the duration of
sawtooth-free periods in RF centrally heated minority ion discharges. The normal criterion [9]
for a JET discharge to contain a sawtooth-free period is that sawtooth activity should cease for
a time greater than 0.6 sec. Although this criterion is somewhat arbitrary, it does however,



clearly separate sawtoothing and sawtooth-stable JET discharges. The criteria used to select
JET discharge data are listed below. We have only analysed discharges where:

1) the data was taken during the flat-top phase of the plasma current,

2) the plasma was not evolving dynamically,

3) only ion cyclotron resonance minority heating was applied with steady state total coupled
RF power,

4) the cyclotron resonance position was closer than 0.15m from the magnetic axis,

5) the sawtooth-free periods chosen terminated spontaneously (i.e. the termination was not
caused by switching of the RF power, plasma disruption or other event).

The data span ranges in plasma current and toroidal field respectively of 2.0MA <1, < 3.5MA
and 3.IT <By < 3.45T with coupled RF power P,y < 14.6MW. In our comparison of JET
sawteeth with the calculated fast ion current scaling law, Eq. (7), we note the explicit
dependence on the fast ion density, n. In JET hydrogen minority heating experiments, there is
always a small residual hydrogen component present which introduces uncertainties in the
analysis of that data. Therefore we have chosen to analyse only discharges with 3He minority
heating. In these, known quantities of the minority gas were injected into the plasma prior to
the application of RF heating from which the 3He concentration was determined.

The average velocity of the minority ions was estimated using the measured anisotropic
component of the total energy of the fast ions, Wy = 4/3(Wgig - Winpg), where Wyjq is the
plasma energy measured diamagnetically and W,,;4 the plasma energy calculated from
equilibrium. In the dataset analysed the largest value of Wy was 1.3 MJ with an estimated error
of 0.2 MJ. The average velocity of the fast ions having this value of Wy is typically v= 10" m
s'1. In Fig. 4, we show a correlation plot of the measured durations of sawteeth and sawtooth-
free periods as a function of the scaling law for the off-axis RF-driven current. As can be
seen, there is a non-linear and positive correlation. In addition, there appears to be a threshold
in the fast ion current density above which sawteeth become stable.

To conclude, we have examined the possibility that large fast ion currents are produced
during ICRF heating. These currents, which are similar to those discussed in Ref. [10] arise
because the fast ions are preferentially trapped in the toroidal field gradients and make large
radial excursions across the minor radius of the torus. Simple particle orbit considerations
indicate two regions of current concentration, a positive current in the direction of the discharge
current and close to the MHD sawtooth inversion radius and a negative return current near the
axis of the discharge. A Monte-Carlo study of a typical JET discharge indicates that significant
ion currents are generated during ICRH. We find a co-current density maximum of



jil ~ 0.7MA/m2 and a counter-current density maximum of jj ~ -0.2MA/m?. These non-
inductive currents give rise to a significant modification of the q-profile, and for the particular
current profile considered the on-axis safety factor ¢(0) is increased from 0.7 to a value lying in
the range of / < g(0) < 1.3, and a flattening of the g-profile within the inversion radius, where
dq/dr = 0. Furthermore, these fast ion currents could explain the observed sawtooth
stabilisation during ICRH. To investigate the effect on stability we have found an anti-
correlation in JET data between the sawtooth-stable period and the magnitude of the fast ion
current. We note that, experimentally, it is found to be extremely difficult to make long
sawtooth-free periods when the distance between the cyclotron resonance position and the
magnetic axis is larger than approximately 0.4 m [9]. This observation is consistent with the
present model because, when the resonance position is moved off-axis, the average energy of
the minority ions is reduced. Consequently the average poloidal Larmor radii are decreased
and so is the off-axis fast ion current density. In experiments with neutral beam heating, the
sawtooth periods are small. This observation is also consistent with the present mechanism
because the average energy of the injected beam ions is generally much smaller than that of the
ICR heated minority ions. Thus the average poloidal Larmor radii are smaller than for ICR
heating and therefore the off-axis current density is relatively small. The (few) instances where
NBI has been observed to result in sawtooth-stable periods may, possibly, be due to an off-
axis peaking of the beam-driven current.

There are several MHD models which have been put forward to explain sawtooth
stabilization with kinetic effects [11-13]. In these the sawtooth is stabilized by the radial
pressure gradient of the fast ions. In support of the model considered in this letter, we stress
the relatively simple basis of the fast ion current which may be able to perturb significantly the
central part of the g-profile. A clear experimental prediction, therefore, is a flattening of the g-
profile near the sawtooth inversion radius. Millimetre-wave Faraday rotation measurements
have been used previously to determine the g-profile on JET [14]. However, interpretation of
the these line-integrated interferometer data depend critically on a prior knowledge of the
structure of the magnetic surfaces. If, as we suggest above, the equilibrium is perturbed by the
presence of the fast ion current, then only a modified equilibrium should be used in order to
obtain a consistent interpretation of the experimental data. Further areas of theoretical work
include a self-consistent treatment of the tokamak equilibrium in the presence of the fast ion
current, MHD stability and the complex magnetic structure implied by the poloidally
asymmetric current.
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TABLE 1

Plasma Parameters

P—r

i Major radius, Rg 2.96m |
Minor radius, a 1.20m
| Electron density on axis, ne(0) 5x10°m-3 }

| Electron density profile parameter 0.5

1 Electron temperature on axis, Te(0) 10keV
Electron temperature profile parameter 6
Magnetic field at R = R, By 3.4T
Plasma current, I, 3.5MA
3He minority concentration, n3y/ne 5%
Electric field profile parameter, L 0.2m

|E’erpendicular wave vector k | 0

harallcl wave vector ki Tm-1

i Frequency, f 33MH:z
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