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V.P. Bhatnagar, J. Jacquinot, D.F.H Start, B.J.D. Tubbing

JET Joint Undertaking, Abingdon, OXON, OX14 3EA (U.K.)

ABSTRACT.

With a view to heating a 50/50 D-T reactor plasma, ion-cyclotron resonance
heating (ICRH) at a power level of 10 MW has been demonstrated in the JET
tokamak for minority hydrogen concentration as high as ny/nygs < 1. In high
minority ICRH experiments using (H)-He3 plasmas, improved bulk-ion heating has
been observed as the minority-ion tail temperature was successfully lowered to a level
below the critical energy so that the tail gave more than 50% of its power to the bulk
ions. At a Py/neg = 2.3 107" MWem3, Tio = Teo = 7keV has been obtained in limiter
L-mode discharges where the global energy confinement is similar to that found in
other ICRH L-mode discharges. Here, P, is the total input power, n., T and T,
refer to the central electron density, electron and ion temperatures respectively. Also,
it is shown that the results of observed tail temperature, fast-ion energy and minority
density are well understood in terms of minority ICRH physics and the Stix theory.
Further, it has been shown theoretically that when the wave is launched by an
antenna in (0, mn)-phasing from the low-field side in large and hot reactor-like
plasmas, strong single-pass damping can be maintained at minority concentrations
approaching that of majority and the occurence of ion-ion hybrid mode
conversion-cutoff layers would be of no consequence as most of the wave power is
absorbed before it reaches this region.

1. INTRODUCTION.

In the active phase of JET, and to ease ignition in a reactor, it has been proposed
to use ICRH with high concentration D-minority heating in a tritium plasma [1].
Our aim is two fold: (i) to heat a D-T plasma with an ion-mixture close to 50/50 and
(ii) to reduce the minority tail energy to a level below the critical energy [2] so that
it preferentially heats the background ions. Both of these aims can be fulfilled
simultaneously by ICRF heating of the plasma at a higher D-minority concentration
since the tail temperature decreases as the minority concentration increases for a
given set of parameters. At low minority concentrations, minority tail temperatures
up to an MeV have been found to occur which relax on electrons and thus lead to
electron heating [3]. In a reactor, from beam penetration considerations, neutral
beam injection (NBI) heating is planned at MeV range of energies which again would
lead to electron heating. However, transport calculations show that the most



power-efficient route to ignition in a reactor will be via the heating of ions [4].
Moreover, the response to burn control of a reactor would be faster when the plasma
is heated via the ions rather than through electrons [5]. Calculations for NET/ITER
show that in the minority heating, even for np/ny = 30%, at least 50% of the power
will go to ions [4]. As it will become apparent, ICRF heating is the one best suited
for ion heating in a reactor.

In order to discuss the heating of background species by a minority ion tail more
precisely, we refer to the Stix [6] paper from which the parametric dependence of the
tail temperature can be described roughly as follows:
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where Mumino,Zmno and Nmyp, refer to the mass, charge and density of the minority
species, <P > is the flux surface averaged power density of the minority, n. is the
electron density and T, is the electron temperature. From this formula, we note that
minority-ion tail can be reduced by (1) choosing a minority ion whose charge and
mass are such that M/Z? is smaller (e.g. helium-3), (2) operating at higher minority
ion density, (3) using higher target electron density so that <P >/ n. is smaller and
possibly a combination of the above three. However, as mentioned above, significant
ion heating will occur when the tail energy is close to or lower than the critical energy
which itself depends on the minority ion species mass and electron temperature. A
fast ion moving through a plasma gives equal power to electrons and background ions
by collisions when its energy is equal to the critical energy [2] given by
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where A, is the atomic mass of the test ion and j is the field ion species in the plasma.
For example, He3 enjoys three times higher critical energy (due to its higher mass)-
than H for the same background plasma and electron temperature. From the above
remarks, it is clear that dominant ion heating based on tail energy and critical energy
considerations can be achieved in several ways. The scheme using He3 minority
[7,8] may appear to be the best but, this may not be suitable in the (D)-T phase
where additional He3 will have to be introduced and will contribute to the fuel
dilution. Moreover, this scheme has a drawback of being a weak damping scenario
that can not tolerate high minority concentration (see below). In Table 1, we compare
several (minority)-majority species scenarios where minority ion M/Z2, E /T, and
E./E_ (for illustration, estimated from cold-plasm theory [6]) are given. Here, E./E_
represents the ratio of the polarization of the left-hand (in the sense of the ions) to the
right-hand rotating electric field which is a rough measure of the wave damping that
depends on |E2]. Note that (H)-D is the strongest and (He3)-D is the weakest
damping scenario. However, here we use the (H)-He3 scenario. Parentheses around
the symbol represent the minority species. We will show in the next section that



heating at high concentration is possible in this scenario as strong wave damping is
maintained even at very high minority concentrations.

In this paper, we present results of heating and confinement in the above
minority heating scenario (H-minority in He3 plasmas) when operating from medium
to high minority concentrations (ny/nns < 1) to demonstrate that one can indeed
operate at high minority concentrations with improved ion heating and lower electron
heating (T, = Te) at a given Py/ne, while maintaining the usual confinement
properties of ICRF heated discharges. It will also be shown that these results are well
understood in terms of the minority ICRH physics [6,9 — 11].

The paper is organised as follows. In Section 2, we briefly review and discuss the
physics basis of minority heating to show that (H)-He3 scenario is the one best suited
for high-minority concentration ICRH experiments. In Section 3, we present
experimental results of heating and confinement obtained in this scheme. Also, we
compare these results to other ICRH L-mode data base which was obtained at lower
minority concentration (= 5%) in (H)-D scenario. Results of the minority-ion tail
temperature, as measured by a neutral-particle analyser (NPA), and its variation with
the minority concentration are also shown which are compared with theoretical
predictions. We also present a comparison of the stored energy in the fast ions as
measured experimentally to that estimated from Stix [6] model. Also, a consistency
check on the estimated minority ion concentration by the ‘density-rise method’ (see
below) and that deduced by the fast-ion energy and the minority tail temperature is
presented. Using the results given in Sections 2 and 3, we present in Section 4 an
ICRH high minority concentration operating diagram for the D-T phase of JET and
that of a reactor with ITER-like parameters. The discussion and conclusions of this
study are contained in Section 4.

2. ICRH PHYSICS BASIS.

2.1 General Remarks: For the propagation of fast magnetosonic waves, excited
by an antenna carrying RF energy to the centre of a tokamak plasma composed of a
minority and a majority species, an additional resonance the so called, ion-ion hybrid
resonance appears in the device. The mere presence of this resonance increases the
local E, component of the wave electric field. The damping of the wave (or the power
absorbed by ions) increases as |E2|. If the minority concentration is sufficiently low,
the hybrid resonance can overlap the minority ion cyclotron resonance layer (which
is Doppler broadened due to a given k, and v, in a magnetic field of the tokamak
varying as 1/R) and can lead to a strong damping. Here, v/, is the parallel velocity of
the minority ions and R is the major radial position of the tokamak. A warm plasma
dispersion diagram of such a scenario together with E,/E_ is illustrated in Fig. | for
two minority concentrations. For parameters see the figure caption. In this diagram,
the two characteristic fast and ion-Bernstein waves have been identified and the
location of the minority cyclotron position has been marked. Note that when
nuy/np =0.05, the fast wave perpendicular propagation constant (ki) has a small
wiggle near the the ion-ion hybrid resonance and close to which E, also rises. When
the minority ion concentration is increased (to say ny/np = 0.3), keeping other
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parameters fixed, the fast wave encounters a non propagating region or a gap. It
encounters a cutoff (ki goes through zero) on the low-field side of the gap whereas it
is mode converted to the ion-Bernstein wave on the high-field side of the gap. Both
the hybrid resonance (which is close to the mode conversion region) and the cutoff
move further away from the cyclotron layer as the minority concentration is increased
[12,13]. Note that now the E, is smaller over the cyclotron layer width though it goes
to a maximum at the cut-off [10]. This reduces the minority cyclotron damping. See
Table 1, for a comparison of the distance between the cyclotron layer and the cutoff
(Acc) for npino/Nmaj = 0.1 in several practical scenarios [13].

Let us first point out the behaviour if the wave were to be launched from the
high-field side. As the minority concentration increases, the minority damping
decreases and with the appearance of the cut off and the non propagating region, the
wave starts to mode convert and partially tunnel through. Further increases in
minority concentration reduce tunneling and practically the entire wave power is
mode converted leading generally to electron heating (see also Ref. 14) and no eigen
modes are expected. In this case, the occurence of mode conversion is a fairly good
indication of the change of behaviour from minority heating to mode conversion
heating .

Now, if the wave is launched from the low-field side (as in most of the
present-day tokamaks), at the first appearance of the gap region, a part of the energy
can be mode converted to the Bernstein wave via tunneling through the cutoff
confluence gap (A.n) and a part transmitted and a part reflected. A further increase
in the minority concentration increases both A. (see Fig. 1) and Aq [12,13] even
more. The cyclotron damping and the tunneling (transmission and mode conversion)
are greatly reduced. This situation leads to the occurence of radial eigenmodes by
reflection of the fast wave between this cutoff and the one located at the plasma edge
near the antenna [6,15,16]. With the low-field side launch, strong single pass
absorption and minority heating are the more important considerations which, in
small devices, are effected signficantly as the cutoff and mode conversion appear. But
in a reactor, as we will show below, the appearance of the mode conversion would
be of no consequence since the wave would be significantly damped in traversing the
cyclotron layer before it arrives at the cutoff-confluence region as the damping per
pass will be stronger.

2.2 Mode Conversion Condition: Let us first look at the mode conversion
condition and.compare its behaviour in several scenarios. This will give us a first
insight as to the behaviour that we may expect when more important wave damping
calculations are made in the next section. The occurence of mode conversion can be
identified by examining the dispersion relation of the fast wave. The condition for
mode conversion can be written simply as [10,12,13].

au—nﬁ=0 (3)

where & is th xx-component of the dielectric tensor and n, is the parallel refractive
index. The mode conversion can be avoided if the following condition is satisfied:
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where v, is the velocity obtained from the minority ion parallel temperature and other
symbols have their usual meaning. For typical JET parameters, the last term may be
neglected. From Eq. (4), we note that to remain in the minority heating regime whilst
using higher minority concentration (to lower the tail and heat the background ions),
we should operate at higher k; or (0, n)-phasing, use higher v; and select appropriate
(minority)-majority species. In Fig. 2, nya/nm,; as a function of v, normalized to the
parallel phase velocity of the wave is plotted for several combinations of
(minority)-majority species scenarios that can be used in JET. Electron density used
for all scenarios was 5+ 10m-3. The toroidal field and the frequency for each case
was chosen such as to locate the minority cyclotron layer near the center of the device.
As can be seen, (H)-He3 plasma offers the best combination for minority heating at
higher minority concentration. Note that Eq. (4) is plotted in Fig. 2, as a universal
plot, in the simplest X-axXis (V;mno/V,pn) dictated by Eq. (4) so that the effect of Z/M
of minority-to-majority species of different scenarios is explicitly brought out.
However, this choice is by no means unique and other ways of plotting the same
equation are possible and have been done such as, for example, plotting Nmno/Nma
against minority ion f (kinetic to magnetic pressure), or minority average energy (see
below) etc. We must point out that when comparing different (minority)-majority
species scenarios, the effect of mass on v, ma, and frequency of operation (on v )
should be kept in mind. Also, the effect of ion charge (such as for He3) will influence
the value of (Nmno/Nma)ere Which is raised when He3 is majority and lowered when He3
is minority species. The shaded regions in Fig. 2 indicate roughly the operating
domains in JET for minority heating when operation at strong single pass absorption
(SPA > 0.8) is carried out. Operation at higher minority concentration than these is
accompanied by a decreasing SPA (see below). We point out that the shaded regions
extend roughly vertically down when operation at lower minority concentration is
carried out. More informative operating diagrams are presented in the next section.

In Fig. 3, we show fast-wave roots in a dispersion diagram in which k2 is plotted
as a function of X (= R — R,) along the tokamak midplane for (H)-D and (H)-He3
plasmas with ny/np = 0.3 and ny/nks = 0.75. For parametres see the figure caption.
Here R, is the tokamak major radius. The plot shows that indeed there is no cutoff
and no mode conversion even for ny/ny.; = 0.75 as compared to the case shown for
(H)-D plasma, where the cutoff has already occurred at ny/np = 0.3.

Using the ray tracing code BRAYCO [17], in Fig. 4, we present the fast-wave
single pass absorption as a function of ny/nys for two isotropic minority tail
temperatures and two k=3 and 7 m~! for JET plasma parameters as given in the
figure. Here, k,=3 and 7 m~! represent typical values of the excited spectrum in the
monopole (0,0) and dipole (0, n)-phasing of the JET Al-antennas (see section 3.2).
We note that practically full single pass absorbtion (SPA) can be obtained when the
antenna is used in the dipole phasing whereas for the monopole phasing, the SPA



decreases in the usual fashion [18] as nu/nn; increases. We point out that though the
minority temperature was not determined self-consistently, but as will be shown in
Section 3.4, the values used in these calculations are representative of those found in
the experiment.

For completeness, we also present in Fig. 5 a comparison of the 2-D (velocity
space) minority ion distribution function after it has reached the steady state for an
ICRH power density of 1 W/cm? in (H)-D and (H)-He3 scenarios for ny/np = 0.1 and
ny/nye; = 0.75. For other parameters see the figure caption. This calculation was
made using a time-dependent bounce-averaged Fokker-Planck code BAFIC [19].
Here, the normalized parallel velocity is plotted against the normalized perpendicular
velocity where the normalization is done by v, obtained from the background ion
Maxwellian isotropic temperature. It is clearly seen that the perpendicular tail is
much reduced at high-minority concentration with minor effect on the parallel tail
which is principally affected by the pitch-angle scattering in the minority ion
cyclotron heating. Consequently, the anisotropy of the distribution function is greatly
reduced at higher minority concentration.

2.3 JIon-Heating Considerations As mentioned in the introduction, for significant
ion heating, the minority-tail energy should be close to or below the critical energy
E.. In this section, we use the Stix [6] model of minority heating to calculate the tail
temperature and plot this as a function of minority concentration for a given set of
other parameters to produce an operating diagram (see also Ref. 20). The minority
tail as calculated by the Stix model has been found to be in good agreement with that
obtained by a more elaborate Fokker-Planck calculation (BAFIC Code) shown in the
previous section. Here we restrict ourselves to (H)-He3 and (H)-D scenarios. Using
the full isotropic Stix model [6], we plot ny/ny.; in Fig. 6 as a function of minority
tail average energy <E > obtained by integration over the minority distribution
function for the (H)-He3 scenario. Two curves are shown in which the ICRH power
density ( <Pjcru>) was 0.5 and 1 Wcm3 which is typical of JET operation. For
parameters see the figure caption. These curves indicate that the equivalent
perpendicular tail temperature (T,=2/3 «<E>mino) depends inversely on the
minority concentration and that it increases with increasing RF power density. The
critical energy of minority hydrogen for the parameters used is also shown. Using the
data from such curves (T, and ny/ng.;) for a number of RF power densities, we
produced a large mesh of points covering the whole diagram. At these points (about
600), we then calulated the single pass absorption (SPA) for k, = 7m~! using the ray
tracing code BRAYCO [17]. Contour plots of the SPA are then generated and are
as shown in Fig 6. Note that the peak of the SPA hill is at about <E >z 145keV
and ny/nye; = 0.75. At a given minority tail energy, as the minority concnetration is
decreased, the SPA decreases slowly as shown. The SPA also decreases as the
< E >mino is reduced at high minority concentrations. For reference, on the same
graph, we plot the minority/mode conversion condition (see Eq. 4) as a function of
minority average energy (where T,=1/3¢<E>mino) for two values of k
representing the monople and dipole operation of JET Al-antennas. The region
around the intersection of k,=7m-! with those of Stix-model curves represent
roughly the operating domain in JET at about 95% of the SPA. As the minority



concentraion is decreased at a fixed electron density, the tail temperature will increase
and the operating point will move along the Stix-curves for a given minority power
density. One can operate at higher concentration but at lower values of SPA reaching
say about 0.6 at ny/nyes = 1.

The Stix-calculation also provides the fraction of power that is being transferred
to electrons and ions from the minority species. In Fig. 7, we plot the ion fraction as
a function of average energy of the minority-ion tail for three cases, namely, (H)-D,
(H)-He3) and (D)-T scenarios where the parameters typical of JET operation used
are indicated in the inset. The value of minority concentration for each scenario, for
illustration, was taken roughly from the strong SPA operating domain as indicated
in Fig. 2. The curves given in Fig. 7 were produced by making the Stix calculation
at several RF power densities where the minority ion distribution function, its average
energy <E> and the power transfer to electrons and ions are calculated
simultaneously. Note that the power given to background ions decreases as the
minority tail energy increases since the minority ions collide increasingly with
electrons. For a single fast ion, half the power is given to ions at E=E.. However,
we find that at <E> =E,, the fraction of power being given to ions is about 40%
when full minority distribution function as well as the decrease of E. with increasing
minority concentration are taken into account. We note that in these calculations,
minority ion self collisions are not taken into account. For a discussion see section 5.

Referring now to Fig. 6, we note that for Py = IWcm=3, k. =7m-! and
ny/npes = 0.62 the average tail energy is about 65 keV which is lower than the critical
energy E.=85 keV. Thus such an operation would lead to a relaxation of the
minority tail appreciably on the background ions. In this case, about 45% of the
minority power is given to background ions leading to a significant ion heating. As
we will show in section 3.4, this is in broad agreement with what we actually observe
during high minority heating experiments. Also, we point out that though we use
here the Stix isotropic model, it is not unrealistic at low tail energies that are relevant
in the ion-heating regimes.

As a further comparison, we present a similar calculation in Fig. 8 for the (H)-D
scenario where the parameters are as given in the figure caption. Note that now the
peak of the SPA hill occurs at ny/np = 0.1 whereas in (H)-He3 case it was at
nu/nyes = 0.75. Since (H)-D is a strong damping scenario, we note that operation at
say SPA=0.6 can be achieved for ny/np = 0.55 whereas in (H)-He3 for the same
value of SPA =0.6, we can operate at ny/nys = 1. For the parameters used in the
case of (H)-D the critical energy is about 100 keV. With an operation at
nu/np = 0.35, one could reduce the tail in this case to a level of critical energy so that
about 45-50% of the tail energy could be given to the background ions (see also Ref.
19).



3. EXPERIMENTAL RESULTS.

3.1 Experimental Set-up: JET (Joint European Torus) is a D-shaped large
tokamak [21] with major radius R,= 2.96 m, minor radius a,= 1.2 m, nominal
toroidal field B,= 3.4 T, plasma current I, <7 MA, and plasma elongation = 1.6.
For the results presented in this paper, Ip=3 MA, B, =3 T and the ICRH frequency
of operation f=42.6 MHz was used. The plasma composition was a mixture of
hydrogen and helium-3 gases where hydrogen concentration was varied.

In this paper, we present the data obtained in limiter plasmas additionally
heated by ICRH alone. See Fig. 9 for an illustration of the plasma configuration
obtained from the IDENTC equilibrium-code [22] which reconstructs the plasma
flux-surfaces from the measurements made by a series of coils located close to the
vacuum-vessel wall. The plasma was leaning on the belt limiters and it was well
aligned to the ICRH antenna profile. The location of cyclotron layers of H and He3
are also shown.

For general tokamak diagnostic systems including that of JET see, for example,
a review paper by Orlinskij and Magyar [23] and references therein. In the data
presented here, the minority-ion tail temperature was measured by a mass resolved
time-of-flight neutral particle analyser (NPA). See, for example, Ref. 23. The ion
temperature in the central region was measured by Doppler broadening of the
Ni-XXVII spectral line by a high resolution X-ray crystal spectroscopy (KX1) [25]
technique. The minority-ion concentration was principally estimated by the ‘density
rise method’ (see section 3.3).

3.2 ICRH Antenna System: The ICRH system of JET [26,27] consists of a total
generator power of 32 MW, 20 s, 25-55 MHz and uses eight antennas that are
distributed symmetrically around the torus. A JET antenna has two radiating
elements that are separated toroidally which can be phased arbitrarily but are
generally driven in (0,0)-phasing (monopole) or (0, n)-phasing (dipole). The antenna
screens are made of one tier of beryllium rods [28]. In JET ICRH specific impurities
have been reduced to negligible levels in all conditions of ICRH operation in JET.

3.3 Minority Concentration: There are several ways in which concentration of
minority species can be determined in the plasma but most of them have large error
bars. Since we would like to know the minority concentration deep in the centre of the
plasma, perhaps the most reliable method could be to determine it by the
CXRS-method [29] but this is not available routinely as one needs to inject a neutral
beam for diagnostic purposes. Minority concentration can be determined by using a
mass resolved NPA [24] by an analysis of the measured integrated flux of the species.
In a large size plasma such as that of JET, this flux is somewhat weighted to the outer
part of the plasma and a complex modelling of particle orbits is required to get the
species concentration in the centre. Other authors [30] have used the ratio of
intensities of, for example, H,/D, but this again relates to the density near the edge
of a hot plasma. We note further that some consistency checks could be obtained by



simply determining the quantity of gas or the number of atoms of the minority and
majority species injected in the device by the gas introduction system. This method
can not be relied upon as the recycling and impurity release from the first wall may
play a significant role. From the above discussion it is clear that an accurate
determination of minority concentration in the centre is less than straightforward.

Here, we use another procedure which we term as the ‘density-rise method’. It
is based on the rise in the central electron density due to the minority gas puff and
the minority density is evaluated using the charge neutrality condition. A practical
disadvantage of this method is that a gas puff of the desired species is to be made
without changing the flow of other gases in the device. This excludes density
controlled feedback of gas in the chamber which is often used in tokamaks. However,
for the experiments described in this paper, majority and minority species gases were
puffed sequentially and therefore this method is attempted to determine the minority
concentration. In Fig. 10, we show an example of time traces of the central electron
density (n.), effective charge (Z.y) and the RF power. The majority He3 gas feed
started at about 0.5 s and was maintained constant. The hydrogen gas was
additionally puffed from 4.5 s as indicated in the figure. We use the charge neutrality
condition in the two time domains referred to in the figure and define the plasma

effective charge as
1 2
Zyr= [ T anzj ] (5)

i
where n and Z refer to the density and charge of different species of the plasma
including minority, majority and impurities. If we assume that only a single impurity

ion is dominant in the plasma (such as Be or C), the minority and majority species
density can be written as (Z, # Zmino 0T Zma):
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where subscripts mino, maj and i refer to the minority, majority and impurity species
respectively. Subscripts 1 and 2 in n, and Z.y point to time domains 1 (before) and
2 (during the minority puff) as indicated in Fig. 10. Note that this evaluation takes
into account the change of Z. such as, for example, due to additional heating of the
discharge. For the data shown in Fig. 10, it is estimated that the value of
Nnu/ne; =0.15 or that of ny/ny;3=0.53 where we have assumed the value of Z, = 6.
Such estimates of the minority concentrations will be used in the results presented
below. The main errors on this calculation are the assumptions that a single impurity
ion (C¢+) determines the Z.; and that the density rises due to the minority species



entering the centre of the plasma without any other additional effects including that
of particle transport.

3.4 Time Traces of a Low and High Concentration Minority Heating: Typical
time traces of minority ICRF heating in 3 MA (H)-He3 limiter plasmas at about 10
MW of RF power are shown in Fig. 11 for two cases (a) low minority concentration
(nu/npes < 0.06) and (b) high minority concentration (nuy/nue; < 0.63). In case (b), the
minority concentration was measured as described above. The discharge shown in
Fig. 11 (a) was taken from an earlier series in which no additional minority hydrogen
was being puffed in and the residual hydrogen in the tokamak walls was contributing
to the minority concentration. The plasma stored energy measured by a diamagnetic
loop (Wpia) is shown. The level of W = W is also shown where W is the Goldston
L-mode prediction [31]. It is seen that in case (a) with low minority concentration
Teo =~ 8.5keV and T = 5.5keV whereas in case (b) with high minority concnetration
Teo = Tio= 7keV. The equipartition power between electrons and ions in such
discharges was less than 10%. By operating at a higher minority concentration, we
have increased the ion temperature but decreased the electron temperature. As will
be shown in the next section, at higher minority concentration the minority tail is
shorter and gives more power to ions (see Section 2.3). The total radiated power
Prap from the plasma as measured by an array of bolometers shows that in case (b)
Prap/Pror = 0.25 — 0.3 and it is slightly higher in case (a).

3.5 Minority Distribution Function Measurement: The H-minority perpendicular
ion energy distribution function as measured by a mass resolved neutral particle
analyser (NPA) is shown in Fig. 12 for several time slices as indicated in the inset
where the RF power waveform is also shown. The tail temperature (T,) during the
RF flat top is about 50 keV. Note that T, = 20keV even 0.5 s after the RF is switched
off which is significantly above the ohmic value. The minority tail near E; would
relax on the background species with a slowing-down time of about 0.3 s which
appears to be somewhat faster than observed. The theoretical minority distribution
function for the time slice 3 from the isotropic Stix model is also shown for
comparison. For simplicity, we use isotropic model as the tail energies are near the
critical energy. The tail temperature obtained from the higher energy part is roughly
the same but at lower energy there is a significant difference between the
perpendicular (measured) and isotropic (theory) distribution function due to the
difference in pitch-angle scattering. The T, measured using the NPA diagnostic for
several such discharges is plotted in Fig. 13 as a function of ny/n. where the minority
concentration is determined using the density-rise method. Fitted to a central point,
the broken line drawn represents the expected [ny/n.]-' dependence of the tail
temperature such as also found in Fig. 6. The error bars on ny/n. deduced from the
density rise method have been discussed in Section 3.3. The vertical error-bar reflects
the error on the NPA and the drawing of a straight-line through the data points to
deduce a T,. The numbers on the top x-axis give approximate values of ny/ny; for a
corresponding ny/n..
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In these discharges, the critical energy was roughly about 75 keV. We therefore note
that we have succeeded in lowering the tail temperature close to or below the critical
energy at 10 MW power level resulting in improved ion heating such that T, = Te.
Operation at low minority concentration leads to stronger tails and Te > Ty (see
Section 3.6).

3.6 Ion and Electron Heating: The central bulk-ion temperature (T,,) as
measured by the KX1 (see section 3.1) diagnostic for a series 3 MA discharges with
high minority concentration in (H)-He3 plasmas is plotted (solid squares) in Fig. 14
as a function of Pror/neo where Pror is the total input power and ny is the central
electron density. For comparison purposes we have also plotted (open circles) the
T, data obtained in 3 MA ICRH limiter discharges [32] in low minority
concentration (ny/np =5%) in (H)-D plasmas. At a given Pror/neg = 2.3+ 10-1" MW
«m3, it is found that T, is higher by about 15-20% when compared with (H)-D
discharges at lower minority concentration. See section 5 for a discussion of obtaining
higher T, in other ICRH scenarios. A similar plot of T, is shown in Fig. 15 for
discharges with higher minority concentration and compared with low minority
discharges as in Fig. 14. A comparison of solid squares and open circles show that
Te in the high minority heating is similarly lower by about 10-20%. For a discussion
of NBI data points, see Section S.

3.7 Energy Confinement: A plot of stored energy W (from diamagnetic loop
measurement) plotted as a function of loss power (Pror-dW/dt) for a series of high
minority heating discharges at I =3 MA is shown in Fig. 16. The three broken lines
represent the Goldston [31] L-mode prediction Wg, 1.5W¢ and 2Wg respectively, for
such high-minority concentraion (H)-He3 discharges where an average mass of the
ion mixture has been taken into account. We note that g =~ 1.251¢ as found in other
ICRH L-mode discharges [32] at 3 MA obtained at lower minority concentration
heating of (H)-D plasmas. The stored energy data in which the fast-ion energy (see
Section 3.4) has been subtracted is also plotted for reference.

3.8 Fast Ion Energy (Comparison of Theory and Experiment): Fast ions
produced during the minority ICRH are well confined in JET for discharges at a
plasma current of 3 MA presented in this paper. These fast ions contribute to the
total stored energy of the plasma. Using the Stix model [6] we can calculate the
average energy of the minority species locally using the ICRH power deposition
profiles obtained from, for example, ray-tracing calculations [17]. For simplicity, we
make an assumption that ICRH power is deposited uniformly in a radius of 0.45m
(volume of 17.6 m3) which is based on a Doppler width with a T, 2 50keV (see Fig.
13) and k, = 7m~! (dipole), and taking account of slightly off-axis location of the
cyclotron layer in these discharges. This allows us to estimate the average ICRH
power density to calculate theoretically the Stix minority-ion distribution function
such as that shown in Fig. 12. This calculation also provides the minority-ion average
energy. Using the minority density deduced from the density rise method (see Section
3.3), we calculate the energy stored in the minority ions.
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Fast ion energy in these experiments has also been determined by measuring the
diamagnetic stored energy (Wpia) and that obtained by equilbrium reconstruction (
Wwmup) using the relation Wi=1.33¢ (Wpu — Wyup) [33]. In principle, this
procedure gives a measure of the anisotropic part of the fast-ion energy. To compute
a similar quantity theoretically, one has to calculate the perpendicular as well as the
parallel minority ion distribution functions which could be done, for example, using
the bounce averaged 2-D Fokker-Planck code (BAFIC). Alternatively, anisotropic
Stix model could be used for the perpendicular energy but the parallel energy is not
properly calculated and is only estimated. However, the high-energy tail temperature
obtained by the anisotropic Stix-model agrees well [34] with the one calculated by
isotropic Stix-model although the detail of the distribution function differ slightly at
low energies due to pitch-angle scattering. Therefore, the average energy of the
minority distribution function obtained from the isotropic model is a fair
representation of the aniSotropic part when we subtract out the low-energy
Maxwellian part of the distribution function. The socalled ‘theoretical’ values of the
minority fast ion energy calculated in this way are compared in Fig. 17 to the
experimental values mentioned above. The agreement between the two quantities is
fair considering the error bars on the measurements (W, is the difference of two
measured quantities) and calculations (assumption of uniform power deposition,
errors on minority-density evaluation and a neglect of parallel energy of the fast ions).

We now go a step further to make a consistency check on our measurements of
the minority concentration by determining the minority density from the experimental
measurement of stored energy Wi (see above) in the fast ions and the minority tail
temperature measured by the NPA diagnostic. Again making the assumption that
ICRH power is deposited uniformly, the minority density can be deduced from the

relation
Nmin ~ WI(MJ)

~ (8)
Bed 28« T,(MeV) e nyg(10°m™3)

A plot of ny/ny, obtained from this procedure is plotted in Fig. 18 against the
minority concentration obtained from the density rise method (see section 3.3).
Ideally the points should lie along the 45°-line. The agreement is fairly good.

4. OPERATING DOMAIN OF FUTURE EXPERIMENTS.

4.1 (D)-T Phase of JET: Using the same procedure as discussed in Section 2.3,
we now present a possible operating domain for the ICRF heating of a high
concentration (D)-minority in a tritium plasma. Figure 19 shows a plot of np/nt vs
average energy of the D-minority ions for two values of minority-ion power densities
using Stix theory. For the parameters that are as given in the figure caption, the
critical energy E. of deuterium is also shown. Further, we show single pass
absorption (SPA) contours in this case. On the same graph, we plot the
minority/mode conversion condition (see Eq. 4) for k;, = 7m~' which would roughly
be representative of the (0, n)-phasing of the A2-antennas that will be used in the
D-T phase of JET. In this case the peak of the SPA hill occurs at np/nr = 0.4. In the
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(D)-T phase of JET, one could operate upto a concentration np/ny = 0.4 — 0.6 for
P, = 0.5 — 1W/cc allowing a single pass absorption say a SPA=0.6. For ICRH
(D)-T operation in JET, a range of minority concentration (0.1 < np/nr < 0.6) can
be used and the the operating domain will follow the Stix curves. Since the minority
tail temperatures will be below the critical energy E., we expect that 50-60% of the
minority power will be given to background ions resulting in significant ion heating.

4.2 ICRH Operating Domain of a Reactor: We now present a similar
calculation, to that shown in the previous section, for a reactor with the parameters
of a ITER-like machine. The variation of minority <E >/ as a function of np/ny at
two values of Py, the mode conversion condition for a k; = 4m-! and the contours of
single pass absorption (SPA) are shown in Fig. 20 for the parameters as given in the
figure caption. In this calculation damping on the a-particles (He4) is not included
which would further increase SPA but at the expense of some reduced ion heating.
First we note that for these parameters, the peak of the SPA hill occurs at
np/nr = 0.2. The operation will follow the power density (Py)-curves from which we
note that we can operate up to np/nr = 0.95 for say SPA =0.6. From the experience
in JET while operating in (He3)-D, a weak damping scenario, SPA =0.3 would still
be tolerable. Operation at such a level of SPA in a reactor would allow us to operate
in a deuterium rich mixture of a D-T plasma for np/ny < 1.2 but at the expense of
reduced direct ion heating. A possible scenario for achieving this will be to apply
roughly a square wave ICRH pulse with deuterium concentration rising to its
maximum value in about 5 s. According to this diagram, the operation will follow the
Ps-curves from low to high concentration reducing the tail energy and increasingly
giving power to the background ions. The concentration of deuterium will be allowed
to reach at its maximum to be np/ny= 1.2, a deuterium rich mixture which is
advantageous for reducing tritium inventory.

5. DISCUSSION AND CONCLUSIONS.

In the high concentration minority ion heating expriments in (H)-He3 plasma
presented in this paper, we did not observe clear eigen modes on the antenna coupling
resistance even at the highest minority concentration (nu/npe; = 1) used. According
to theoretical calculations presented in Section 2.3 (see Fig. 6), single pass aborption
in such conditions would be =~ 0.5 for antenna in the dipole phasing which is large
enough to avoid eigenmodes. Eigenmodes are excited more commonly in monopole
phasing as a significant part of the power lies near k, =0 which is very weakly
damped. The monopole phasing was not used in the high minority (0.3 <np/ny.<1)
discharges.

We must point out that in the theoretical results presented in this paper using the
Stix model, we have not included the effect of self collisions of the resonant minority
species. This effect may be important at high minority concentration where
self-collisions are expected to reduce the minority tail temperature and the power
transfer to the background species. For an estimate, we made a Stix-type calculation
in which minority species was used as an additional background species with an

13



unheated initial Maxwellian distribution to model the self collisions. In such a case
the minority average energy was lower by less than 1% for ny/nye; < 0.2 as compared
to that presented without self collisions. This difference was about 15% at
nu/nye; = 0.5 and finally increasing to 25% at nu/ny.; = 1. The effect of including the
heated species more correctly by iteration, as was done in Ref. 35, is found to show
little additional difference.

As mentioned in the introduction, lower minority tail temperatures to enhance
bulk-ion heating can also be achieved by using two minorities (H and He3) in
D-plasmas and coupling half the power in each species at two appropriate but
different frequencies [36]. We reiterate that He3-minority in D plasmas, is a weak
damping scenario that can not tolerate high minority concentration in JET (see
Section 2.2). He3-minority would have been especially suitable for ion heating due
to its charge and mass as it produces shorter tails and its critical energy is 3 times
higher than hydrogen (see Table 1). In the two minority scheme also, when the
experiment was carried out in the L-mode, Tj, = T is obtained just as in the high
minority heating experiments presented in this paper.

For comparison, we have plotted the values T, and Ty as a function of Pu:/neo
for two neutral-beam injection (NBI) heated discharges in JET (see Fig. 14 and 15).
In these limiter L-mode discharges, (He3)° beams were injected in He3 plasmas at a
power level of 12 MW. We note that in comaprison to the other ICRH L-mode data,
T, is somewhat higher but T, is lower. Calculations show that in the NBI case about
70% of the beam power deposited in the central region goes to ions and 30% to
electrons whereas in the ICRH cases at high concentration (ny/nye = 0.55), ICRH
power is split roughly equally.

To increase the T, much beyond the T, a combination of central ion heating
and improved central ion energy confinement is required. Such a situation has
successfully been achieved in the so called ‘hot-ion H-mode” where the NBI power is
deposited centrally in a relatively low edge-density plasma [37] that has made a
transition from the L to H-mode of confinement. However, in a reactor, one would
like to operate at a high-edge density from the divertor loading considerations.
Stronger ion heating even at high densities can be obtained by ICRH in the
peaked-density profiles or the pellet enhanced phase (PEP) [38,39]. We note that
To=16keV (T,>Te) has been obtained [40] in a high density plasma
D = 7+ 10m~? by two minority ICRF heating in PEP + H-mode experiments
though the PEP-phase lasts only transiently. In such discharges again more than 70%
of the power goes to ions and they have lower central ion-heat diffusivity. Majority
ion heating Tj, = T = 10keV has also been achieved in PEP + H mode with a single
minority in (H)-D plasma where ny/n. =15% [20].

In conclusion , it has been shown that strong wave damping can be maintained
at high minority concentration for large and hot reactor-like plasmas heated from the
low-field side in the dipole phasing of the antenna. Plasma heating by ICRF using
H-minority in He3-plasmas has been demonstrated at a power level of 10 MW for
minority concnetrations approaching that of majority species. The minority tail
temperature was successfully lowered to a level below the critical energy so that the
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tail gave more than 50% of its power to the .bulk ions in the (H)-He3 sceanrio. At low
minority concentration, generally T, < Te. But, here it has been shown that at high
minority concentration, Tip = T = 7keV is obtained in the limiter L-mode discharges
where the global energy confinement was similar to that found in other ICRH
L-mode discharges. The successful operation of ICRH at minority ion concentrations
approaching that of majority and the evidence of improved ion heating gives
confidence in the previously proposed [1] deuterium cyclotron heating of a 50,50 D-T
plasma of a reactor. In fact, there will be a flexibility to work in a range of
concentrations (0.05 < np/nt < 1.2). Sawtooth stabilization process will be maximum
at low concnetration but will lead to some penality such as in fuel dilution and
thermal f available. Maximum direct ion heating will be achieved when np/nt =0.3.
Finally, deuterium rich scenarios ( np/nr = 1.1 — 1.2) which are advantageous for
tritium inventory purposes can be heated by ICRF but at the expense of a reduction
of direct ion heating. Single-pass absorption will further improve when damping on
the a-particles produced in a reacting plasma is included which will increase the range
of D-minority concentration that can be used but in this condition the amount of
direct ion heating will further drop.
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Table 1. A Comparison of Critical Energy, Field Polarization and Damping for
Several Minority ICRH Scenarios. A is the gap between confluence and cyclotron
layers for Nmne/Nms=0.1 and Ry is the tokamak major radius.

Scenario Minority M/Z? Ec/Te A«/Re E.JE. Damping.
Ion (see text)
(H)-D H 1 10 0.12 ~ % ‘Strong’
(H)-He3  H 1 125 0.04 ~ -é— ‘Medium’
(D)-T D 2 15 0.07 ~ % ‘Medium’
(He3)}-D  He3 % 30 0.09 = % "Weak'.
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FIG. 1. (a) A plot of the real part of ki for the Fast and Bernstein waves for two
values of minority concentration in (H)-D plasma as a function of R-Ry in the central
region of the JET tokamak. The location of the H-cyclotron layer is shown by
f=f.. Here, A. is the distance between cutoff and cyclotron layer and A, is that
between cutoff and mode conversion. Other parameters are =32 MHz, B,=2.2 T,
Teo=4 keV, Ty=3 keV, neo=3¢10"m3, k, = 7m~'. Profiles are parabolic except for
density for which parabolic profile exponent p=0.6 (b) Corresponding plot of the
ratio of left-hand to right-hand polarized electric field.
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FIG. 2. Ratio of the minority-to-majority species density, above which mode
conversion occurs, i1s plotted as a function of the ratio of minority speed v, (parallel
to the magnetic field) to the parallel phase velocity w/k; for several ICRH minority
heating scenarios. Plasma parameters are as given in the inset. Shaded regions show
the typical operating domain near maximum damping of the wave (see Section 2.3).
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FIG. 5. The steady-state minority ion distribution function in 2-D velocity space
during minority heating calculated using a time dependent bounce-averaged
Fokker-Plank (BAFIC) code for two cases: (i) (H)-He3 plasma, n.= 5+ 10¥m™3,
Te= 7keV, T, = 8keV and (ii) (H)-D plasma, n, = 5+ 10°m-3, T, = 8keV, T, = 5keV.
For illustarion, the trapping parameter has been set to zero.
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(H)-He3 plasma. On the same diagram, single pass absorption contours are shown for
k., =7m"' For illustration, mode conversion condition (Eq. 4) for two values of k.
are also drawn. T,=1/3«<E>. Also, T.=7keV, n,=5.10"m-3? and
TH = THe} = 8keV.

1.0
STIX theory 5 Mz
0.9l o(T)|{(MHz) _mmnm‘
0.8\ 1 [(H)-D 3 | 426 |0.09

\ 2 |(H)-He* | 3 | 42.6 |0.55
0.7
\ 3 |(D)-T 35| 25 |02

. :
0.6 Ne,=5x10""m?, T _=7keV T=7keV

Pma}/ pICRH

;
0 i 1 s
0 50 100 150 200 250 300

<E>mino(keV)
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the inset. Minority-ion self collisions are not included (see Section 5).
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FIG. 10. Central electron density (n.), plasma effective charge (Z.s) and RF power
traces as a function of time. The domains 1 and 2 refer to the duration of
He3-majority and H-minority gas puffs respectively. The minority ion concentration
is determined by the “density-rise method’.
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FIG. 11 (a). Time traces of a low concentration minority heating in a (H)-He3 plasma
where ny/nyps < 0.06. Wi is the Goldston L-mode value. <n.> is the volume
averaged density and Prap is the bolometric radiated power. See also Fig. 11 (b)
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F1G. 11 (b). Time traces of a high concentration minority heating in a (H)-He3
plasma where ny/ny.; = 0.63. bolometric radiated power. See also Fig. 11 (a).
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FIG. 12. A semi-log plot of hydrogen flux as a function of the particle energy
measured by a NPA viewing along a vertical chord through the centre of the
discharge during the high minority heating experiments (ny/npe; = 0.53). The inset
shows the ICRH power trace and the arrows indicate the time slices during the RF
pulse at which the data is plotted. The solid line shows the isotropic Stix distribution
(theory) for the 3rd time slice. Minority-ion self collisions are not included (see
Section 5).
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FIG. 13. A plot of the H-minority NPA tail temperature as a function of ny/n. for
the high-minority heating experiments. The broken line was drawn by fitting to a
central point and shows the expected [ny/n.]~! dependence.
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FI1G. 14. A plot of the central ion temperature (T,) as a function of Pyor/ne during
the high minority heating experiments (solid squares) which is compared to the
low-minority heating limiter data (open circles). Error bars reflect the corrections due
to central burn out of He-like Ni?-line and n. profile effects. Open triangles are the
NBI data points under similar conditions. See Section 5.
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FIG. 15. A plot of the central electron temperature (T.) as a function of Pror/ne
during high minority heating experiments (solid squares) which is compared to the
low-minority heating limiter data (open circles).
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FIG. 16. A plot of the plasma stored energy (diamagnetic loop) as a function of the
loss power (Pror- dW/dt) in the high minority heating experiments. Squares represent
the data when the fast-ion energy has been subtracted. Lines drawn represent a
multiple of Goldston L-mode prediction (Wg) for such discharges.
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FIG. 17. The minority average energy <E > as calculated from the Stix theory is
plotted against the experimentally deduced W, (see text) for the high minority heating
experients. The points should ideally lie along the 45°-line drawn.
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FIG. 18. The minority density deduced from the experimental values of W; and the
measured T, is plotted against the minority density obtained from the density-rise
method for a consistency check. The points should ideally lie along the 45° line
drawn.
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FIG. 19. Single pass absorption contours in a np/nt vs minority <E > diagram in a
(D)-T plasma similar to Fig. 6. Other plasma parameters are: T.= 8keV,
N = 6+ 10°m~3 and Ty = 8keV.
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FIG. 20. Single pass absorption contours in a np/ny vs minority <E > diagram in a
ITER CDA (Conceptual Design Activity) (D)-T plasma similar to that shown in Fig.
19. Other plasma parameters are: Te= 15keV, no=9+10"m=3 , Ty = 15keV, .
Ro=6m, a, =2.2m, f=36 MHz and B, = 4.85T.
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