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Abstract. The effect of bulk ion heating in Tore Supra has been investigated by studying

discharges with varying concentrations of minority ions during ICRF hydrogen minority

heating in Deuterium/4He plasmas. As expected, the level of bulk ion heating is found to

increase with the minority concentration. Higher levels of ion heating are shown to be

accompanied by two significant effects: an improved energy confinement and a strong

influence on the plasma rotation.

1. INTRODUCTION

It is desirable to have a significant fraction of ion heating during auxiliary heating of fusion

plasmas. An important reason for this is of course that the fusion reactivity of the reacting ion

species depends strongly on the ion temperature. Thus, in choosing an auxiliary heating

scenario for a reactor it is important to consider its potential for providing ion heating. The use

of intense waves in the Ion Cyclotron Range of Frequencies (ICRF) is one of the main

methods considered for heating of fusion reactors. The utility of this heating method has been

demonstrated in many tokamak experiments around the world [1, 2, 3]. However, very often

the resonating (i.e. absorbing) ions become very energetic and transfer most of the absorbed

ICRF power to bulk electrons ions via collisions. Consequently, special care has to be taken in

designing ICRF heating scenarios for a reactor [4]. In recent Tore experiments, regimes with

various levels of bulk ion heating during application of ICRF waves have been explored (see

Ref. [5] for machine details). We report on these experiments and the observed influence of

ion heating on the plasma performance. In particular, the energy confinement is found to



improve at higher levels of ion heating. In addition, the level of ion heating appears to have a

strong influence on the plasma rotation.

Let us first review some basic features of ICRF heating. Most of these are well known in the

ICRF community and were described in Stix's seminal 1975 paper [6], here we discus them

for completeness. There are two main scenarios for ICRF heating: heating of a minority

species at its fundamental ion cyclotron frequency and heating at the second harmonic (or

higher harmonic) of the ion cyclotron frequency of a majority species. In the case of

fundamental minority heating, the ICRF power per resonating particle is often high. As a

consequence, the absorbing ions are frequently accelerated to high velocities, and ions in the

MeV range are routinely produced in present day experiments [7, 8]. These energetic ions

collide mainly with electrons and the ICRF power is therefore to a large extent transferred to

the bulk plasma electrons rather than the bulk ions. On the other hand, in the case of second

harmonic heating of a majority species, the ICRF power per resonating ions is more moderate.

However, the absorption mechanism during second harmonic heating is a Finite Larmor Radius

(FLR) effect. The efficiency of the wave particle interaction is therefore better at high

perpendicular velocities. As a consequence, high power second harmonic ICRF heating tends

to create a high energy tail on the distribution function of the resonating ions consisting of

relatively few very energetic ions. Predominant bulk electron heating will in this case also

prevail.

In order to improve the bulk ion heating it is necessary to limit the high energy tail on the

resonating ion distribution created by the ICRF heating. In fact the averaged energy of the

resonating ions should be kept below or around the critical velocity, vc, to achieve good ion

heating. The critical velocity is the velocity at which the collisional power transfers to the ions

and electrons are equally strong, and it is given by [6],



where A is the atomic mass of the resonating species, Aj is the atomic masses of the ion

species in the plasma,«, their densities. For hydrogen minority heating in a typical Tore Supra

discharge (Te = AkeV ) this gives an energy of the order of 50 - 100 keV. There are several

ways to limit the energy of the resonating ions, for example: increasing the density of the

resonating ions, see e.g. [1] for experimental verification; increasing the plasma density;

moving the cyclotron resonance layer off axis. In the case of fundamental minority heating,

increasing the concentration of the minority ions will come at the cost of a reduced absorption

efficiency of the ICRF waves and an increased fraction of power being mode converted into

ion Bernstein waves, which are thought to damp mainly on bulk electrons. Experiments with

high concentration minority heating at JET [9] have, however, shown that one can use quite

high concentrations of minority ions and still achieve reasonably effective damping on them.

This is particularly true of the scenario with hydrogen minority heating in deuterium and/or

He4. This is also the scenario we have used in Tore Supra. By moving the resonance of axis the

ICRF power can be absorbed in a greater volume, thus decreasing the power per absorbing ion.

The drawback of this method is of course that the power is not absorbed in the centre of the

plasma, which is normally preferable. In the Tore Supra experiments, we have used a

combination of these methods to study the effect of improved ion heating on the performance.

2. EXPERIMENTAL RESULTS

The basic scenario used in the Tore Supra experiments reported here was hydrogen minority

heating in a mixture of deuterium and 4He. As we have remarked in the introduction, the

minority concentration plays a crucial role for the ion heating fraction and it is necessary to

determine it with reasonable accuracy to interpret the experimental results properly. In the

next sub section we briefly describe the method we have used to determine the concentration

and then proceed to review the experimental results obtained for various concentrations.

2.1 Determination of the hydrogen concentration



In order to determine the hydrogen concentration we use the passive charge exchange

measurements [10], which measure both the hydrogen flux and the deuterium flux. The

hydrogen flux, <PH, can be written as,

<PH(E)= nHnof(E)G(E)dl ,

where nH is the hydrogen density, n0, is the density of neutrals, E is the energy of the escaping

hydrogen atoms, fiE), is the energy distribution of hydrogen ions, G(E) is a function which

accounts for neutralisation cross section, the aperture of the instrument etc., and the integral is

carried out along a line of sight through the plasma. Owing to the rapid decrease of the neutral

density away from the plasma boundary towards the centre of the plasma, the hydrogen flux,

especially at low energies, is strongly weighted towards the plasma boundary. Assuming a

Maxwellian distribution of hydrogen ions, which is appropriate towards the plasma

periphery, we can write

ln<P(£) = ln(nHn0)- £_+ In G(E)

By using this expression and determining the slope of the experimentally measured flux in the

low energy region we could in principle calculate the hydrogen concentration. However, the

neutral density is not known. In order to overcome this problem we repeat the same procedure

for the deuterium flux, and can normalise out the neutral density by taking the ratio nH^nD .

In a plasma with deuterium as the single majority species we can now calculate the densities

for the relevant ion species from the measurements of Zeff and the ratio of nn'nD (assuming

we have a rough idea of the dominating impurities in the plasma). However, in a plasma with a

mixture of deuterium and 4He it is also necessary to estimate the deuterium density. This can

be done by using the measurements of the DD neutron rate and the central ion temperature.

By assuming the deuterium density to have the same profile shape as the electron density we



can, together with modelling of the shape of the ion temperature profile, determine the

deuterium density so that the measured neutron rate is reproduced.

The procedure described above gives us a reasonable estimate of the magnitude of the

hydrogen concentration in Tore Supra discharges. However, it should be remarked that the

error bars are quite large. Especially since the method described above gives an estimate for the

hydrogen concentration in the outer part of the plasma, while the absorption of the ICRF

waves takes place more centrally. This should be kept in mind when analysing the

experimental data.

2.2 Comparison between to discharges with high and low hydrogen concentrations

In order to illustrate the effect of increased hydrogen concentration, and thereby improved ion

heating, we compare two Tore Supra discharges with different hydrogen concentration,

#TS21044 and #TS23967 which are well matched in terms of heating power. The plasma

current and the central magnetic field was 1.3MA and 3.6T respectively in both discharges.

Furthermore, the frequency was 57 MHz and dipole phasing of the ICRF antennas was used,

peaking the toroidal mode number spectrum around N=35 (for a description of the ICRF

system see Ref. [11]). In #TS21044 the hydrogen concentration was around nH^ne U 6 %

during the ICRF heating phase, whereas it was about 2.5% for #TS23967. Equilibrium

reconstruction shows that the cyclotron resonance was about 10cm on the high field side of

the magnetic axis, with #TS21044 being a few cm centimetres more off axis than #TS23967.

An overview of the two discharges is shown in Fig. 1. As can be seen, the ion and electron

temperatures (measured by an x-ray crystal and ECE) are almost equal for the high

concentration discharge whereas the ion temperature increase is very modest for the low the

concentration discharge. Thus, there are clear signs of improved ion heating in the high

concentration discharge. In fact the overall confinement of the plasma is also improved, Fig. 1,

the trace of the diamagnetic stored energy is well above the ITER-L97 L-mode scaling law [12]

for the high concentration discharge (note that the no corrections for ripple losses have been

made in the evaluation of the scaling law, see section 3 below). On the other hand, the low



concentration discharge remains in L-mode. In addition, despite of the fact that the total

electron heating should have been lower in the high concentration discharge, the stored electron

energy is higher for this discharge than in the low concentration one. This can also be clearly

seen in the electron pressure profiles, Fig. 2. Despite having about the same line averaged

density, the density profiles in the two discharges are different. The electron pressures in the

centre are therefore different even though the central electron temperatures are similar. These

results indicate that the confinement improvement affects at least the electron transport. A

further indication of this comes from the comparison between the measured stored electron

energy and the prediction from the Rebut-Lallia-Watkins scaling law [13], Fig. lb.

Another interesting observation is that the plasma rotation velocities differ significantly

between the two discharges, Fig. lc, The rotation velocities are measured by the Doppler shift

of the Fe24+ line [14]. Owing to the strong parallel friction forces present in the highly

collisional plasmas considered here, the toroidal rotation speeds of the main ions and the

impurities are expected to be approximately the same [15]. In the case of the high

concentration discharge, the plasma accelerates in the co-current direction during the

application of ICRF power and reaches a toriodal velocity of 40 km/s. In contrast, the low

concentration discharge accelerates in the counter current direction and reaches a toroidal

velocity of about-15km/s.

2.3 Scaling studies

In order to get an overview of the influence of hydrogen concentration and the ion heating on

the performance of Tore Supra discharges, we have analysed a number of discharges with

varying minority concentrations. Data taken at various time points within these discharges are

displayed in Figs. 3-5. In Fig. 3, the central ion pressure is shown as a function of nnne' J* .

The reason for choosing this x-axis variable is that it is almost proportional WRF^C ' pHjast \

(the averaged energy of the fast hydrogen ions, P"./«' \ , is approximately proportional

IO^RF*!1'
 nH s where ts is the ion electron slowing down time in the centre of the plasma;



Ec = 0.5/wvc). Since the fraction of bulk ion heating depends crucially on the ratio

, the total bulk ion heating should scale strongly with this ratio multiplied with

the RF-power. As can be seen, there is a clear scaling of the ion pressure with iHne I

Owing to the fact that it is the hydrogen concentration that by far has the greatest variation of

the variables on the x-axis, from 2 to 7%, Fig. 3 gives a clear indication of the influence of the

hydrogen concentration on the bulk ion heating efficiency.

The measured toroidal rotation velocity is shown as a function of the central ion pressure in

Fig. 4. The correlation between the toroidal velocity and the ion pressure is very strong. This

trend, apart from the fact that also negative rotation is seen in Tore Supra, is strongly

reminiscent of the scaling found for the toroidal rotation during ICRF heated H-modes in JET

[16] and C-MOD [17, 18]. However, the correlation between the ion pressure and the

rotation velocity does not necessarily imply that the fPt /fr is the dominating term in the

expression for the rotation velocity, which for a plasma species (assuming the poloidal

rotation velocity to be small) can be written as,v«> =-(L/nJZJe)fpi /fr+Er IBe instead it

could be that the radial electric field also scales with the ion pressure. In Fig. 5, the H factor,

i.e. the stored energy normalised to the ITER-L97 scaling law [12], is plotted as a function of

the central rotation velocity. As can be seen, the H factor appears to be strongly linked to the

rotation. This suggest that the rotation could have played a role in suppressing the turbulence

underlying the transport in these discharges. On the other hand, it is also possible that the

increased rotation velocity is just a consequence of the improved confinement and/or higher

ion heating fraction. One must therefore be cautious in drawing any firm conclusions from the

present data. There are many possibilities for explaining the observations.

3. NUMERICAL SIMULATIONS



The two discharges in section 2.2 have been simulated numerically. To get a general overview

of the power deposition profile the relative fractions of bulk ions and electron heating etc. we

have used the PION code [19]. Owing to the fairly large ripple in Tore Supra it is also

necessary to consider the influence of ripple losses. Calculations of such losses are not only of

importance for estimating the power lost from the plasma, but also for finding the fast ion

current induced by them. This current will have an influence on toroidal momentum balance in

the plasma. We have studied the ripple losses with the FIDO code [20], which solves a 3D

orbit averaged Fokker Planck equation with a Monte Carlo method. In order to account for the

ripple, we have introduced a ripple losses model in the code which is similar to the one

outlined in Ref. [21].

The result of the PION simulations, during the steady phase of the discharges, for the bulk

electron and ion heating (collisional power transfer from the resonation ions and direct

absorption of the ICRF power), is shown in Fig. 6. As can be seen the bulk ion and electron

heating are very close to each other for the high concentration discharge #TS21044, whereas

electron heating dominates strongly for the low concentration discharge #TS23967. If we look

at the average energy of the resonation hydrogen ions in the simulations, we find that a

maximum of 180 keV is reached for the low concentration discharge, well above the critical

energy, whereas only 50 keV is reached for the high concentration discharge, i.e. in the region

around the critical velocity. These results are consistent with the experimental observations,

and strengthen the conclusion that the hydrogen concentration plays an important role for the

level of ion heating achieved in the considered discharges.

The wave field pattern used in the FIDO code for the ripple loss studies has been adjusted so

that the power deposition becomes, within reason, consistent with that of the PION code.

The result of the FIDO calculations show that the ripple losses due to ripple well trapping are

around 8% for the two discharges whereas the direct losses, caused by a combination of large

orbit width and stochastic ripple diffusions, are significantly higher for the low concentration

case, around 10%, than for the high concentration case, around 3 %. Thus, the actual power

input to the bulk plasma is somewhat lower for the low concentration case because of the

ripple losses. However, it should be noted that the power scaling in the ITER-L97 scaling law



is P025. Hence, a 5-10% difference in bulk heating power has only a modest effect on the

relative prediction of the stored for the two discharges. Another important issue is the toroidal

momentum imparted to the plasma because of the fast ion losses. Such losses give rise to a

momentum in the counter current direction. There are two components, first there is the radial

current of fast ions. In order to maintain quasi-neutrality, this current is compensated for in

the bulk plasma by an inward current. The j <-# force due to this current gives momentum to

the background plasma in the counter current direction. By estimating the radial fast ion

current and integrating the j <"~# force across the plasma we can obtain a rough figure for the

momentum imparted to the background plasma. The other component is due to the direct

losses. The toroidal velocity of the trapped ions intersecting the wall is always in the counter

current direction. Consequently, there will be a counter current momentum lost from the

plasma because of the direct losses. However, this momentum turns out to be much smaller

than that due to the radial fast ion current for the discharges considered here. The simulated

momentum input for the two discharges turn out to be of the same order, around 0.5 - 1 Nm

in the counter current direction. It should be noted that that the radial fast ion current

associated with the stochastic losses is relatively small since only very energetic ions are

affected by this process.

4. DISCUSSION AND CONCLUSION

The ICRF heating experiments carried out in Tore Supra with various concentrations of the

absorbing minority species show clearly that the ion heating increases with the concentration

of the minority species. The basic explanation for this is that the higher concentration lowers

the averaged energy of the resonating ions, bringing it closer to or below the critical energy.

The improved level of ion heating is accompanied by other effects. For instance, the bulk

plasma rotation seems to be strongly influenced by the bulk ion pressure. In the case of low

concentration the plasma rotates in the counter current direction. In discharge #TS23967 the

rotation velocity was about -15 km/s. If we assume that the momentum confinement time is

of the order of the energy confinement time (around 0.15 sec) and that the whole plasma



rotates with the same angular frequency we obtain a momentum input necessary to sustain the

rotation of the order of 0.3 Nm. This is the same order of magnitude as we find from the

simulations of the ripple losses. Thus, the counter rotation can be explained by fast ion losses,

which is consistent with earlier observations made on Tore Supra [22]. The positive rotation

observed for the high concentration cases, on the other hand, is much more difficult to explain.

Since dipole phasing of the ICRF antennas was used in the experiments reported here, the

momentum input from the waves to the plasma should have been very small. Furthermore, no

significant difference in the calculated input momentum due to fast ions losses was found. A

possibility is therefore that the rotation is related to the behaviour of the bulk plasma. The

strong correlation between the rotation velocity and the bulk ion pressure is an indication of

this.

The global energy confinement of the plasma has also been found to improve in discharges

with a higher fraction of ion heating. This improvement is seen not only in the ion transport

channel but also in the electron one. Furthermore, there appears to be a strong correlation

between the confinement improvement and the rotation velocity, suggesting a link between the

confinement and the rotation. The exact cause of the improved confinement remains, however,

to identified.
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Figure captions

Fig. 1 Overview of two discharges, TS#21044 (left) and TS#23967 (right), with different

hydrogen concentrations and similar ICRF power levels; (a) line averaged electron

density together with the ICRF power, (b) central ion and electron temperatures (c)

total stored energy, energy stored in the electrons and L-mode predictions (ITER-L97

[10] for the total stored energy and Rebut-Lallia-Watkins [11] for the electron stored

energy), (d) the central toroidal rotation velocity, (e) the estimated hydrogen

concentration.

Fig. 2 The electron pressure profiles for discharge TS#21044 and TS#23967.

Fig. 3 The central ions pressure as a function ofnHne' Jeo , a parameter which scales

strongly with the bulk ion heating power.

Fig. 4 Variation of central rotation velocity as a function of the central ion pressure.

Fig. 5 The H factor, i.e. the stored energy normalised to the ITER-L97 scaling law [10], as a

function of the central rotation velocity.

Fig. 6 Simulated power densities going to bulk ion (full curves) and electron (dashed curves)

heating during the steady state phase for TS#21044 (a) and TS#23967 (b).
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