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Abstract.

Specific behavior of confining magnetic field in Large Helical Device suppresses tokamak-like
ion heating scheme for ion cyclotron plasma heating with outside ICRF antenna. Respectively, the
basic ICRF scenario with D(H) plasma will heat the electrons, as have been shown in stellarator CHS
experiments. To overcome this difficulty, we propose to use in LHD high magnetic field side
antenna operating in "heavy" minority heating scenarios H(D) or H(He-3), where brackets indicate
minority ions. We show analytically that predominantly heated in this scenario will be the minority
ions, subsequently transferring their energy to bulk proton ions. Another proposed scenario
operates with "light" jon minority scheme like D(H), but with addition of third isotope jon component
like C13, Ne?1, Li7, etc. . These third isotope ions eliminate degeneration of second harmonic
frequency with fundamental frequency of minority ion(H) or second harmonics of deuterium ions.

Isotopic ions will be heated due to a mode converted Ion Bernstein Waves close to second harmonic

ion cyclotron layer { =2 w ).
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I. Basic ICRF electron heating scenario in LHD

In Fig. 1a, we show magnetic field modules B contour lines and flux surfaces in LHD device,

calculated with stellarator equilibrium code VMEC for high beta LHD plasma case of <B> =2%. Ina
basic ICRF heating scenario, it is planned to make use of outside loop antenna, as depicted in Fig.

1b. It is impossible to keep one of w=w ; resonance zone in a geometrical plasma center because the

other resonance zone locates very close to the antenna region. Consequently, it was proposed since

successful CHS ICRF experiments {2] to decrease generator frequency and to keep w=w,, resonance

more closer to the top and bottom of a plasma with easily installed outside antenna (see Fig. 1b). In
usual two ion species D(H) scenario (ion minority species in brackets), fast waves radiated from
outside antenna will first meet two-ion-hybrid resonance. As well known from tokamak and CHS

stellarator experiments, such heating scenario will lead to electron heating predominantly .

11. "Heavy" minority scenario with high field side antenna
To overcome this specific difficulty for ion heating due to peculiarity of a magnetic field

configuration in helical devices like LHD, we propose a new heating scenario. High field side ICRF

antenna as depicted on Fig. 2a, will be used. "Heavy" minority scenario like H(D) or H(He3) will be
employed by adding D or He-3 minority ions in bulk hydrogen plasma. More exact definition of

"heavy" minority scenario will be given below. In this case, as it was recognized in tokamaks in

cighties, the fast waves will firstly meet an ion cyclotron resonance layer w=m 4, (or =0 4),

thereby providing predominantly ion heating. In Fig. 2b, squared perpendicular refractive index is
shown over a "major radius like coordinate R" along a path of continuously decreasing magnetic

field. The interesting difference from "classical usual” D(H) scenario is absence of a "cut off" layer

between cyclotron resonance layer { w=w; ) and the conversion layer to Ion Bernstein Waves (IBW).

It means also that small fraction of FW power, the part which is not absorbed at ion cyclotron zone,
will be absorbed by electrons. We will prove these statements analytically in section IV.

We also propose to use two antenna operating at slightly different two frequencies, by which
core plasma heating is maintained compensating the positional change of flux surfaces with respect
to cyclotron layer with subsidiary help of intrinsic focussing effect . These antennae, located at high

magnetic field sides have additional advantage, being electrically more strong, as was proved by



tokamak experience.

II1. 3 component ion heating scenario with high field side antenna

The above high field side antenna can provide another ion heating regime with "light" minority
scenario D(H) and D(He3), if a third isotope ion component like C13, Ni 621, Li7, etc. are added.

Degeneration of cyclotron frequencies between ® . 20_,,20 . ,20_ 20 . are resolved due to

the different charge to mass ratios. Dispersion curve for a plasma with these "heavy” and fortunately

stable isotopes, is illustrated in Fig. 3. The launched wave experience very weak absorption as it

passes through w= de' layer as FW , where prime means an isotope minority. However,

absorption at W= 2(1)6’; is enhanced as the wave passes through it again after mode converted to IBW

waves; 1BW is predominantly electrostatic wave and has large left hand component of electric field.
These high Z isotopes (Zci13= 6, Zne21=10) ions are very collidable due to 7’ dependence. It means

that: 1) their ion distribution function will be sufficiently isotropic, an important factor for stellarator
cases with regard to its loss cones, and 2) they transfer their energy mainly to bulk plasma ions,

because their energy is likely to satisfy W < Weitical.

These isotope 3-ion component schemes have been paitly investigated in T-10 tokamak[3] with

outside antenna and in TFR experiments with inside antenna[4].

IV. Theoretical consideration of "heavy" minority scenario
4.1 Dispersion

In this section we will give an analytical consideration of two ion component ICRF heating

scenarios with "heavy” minority ions. The transverse refractive index (N, =k ¢/ ®) for Fast Wave is

given by

N=—"""""7"" 1)



, where for a cold plasma
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Here, the summation with respect to @ is taken over e and i. We rewrite these tensor components in
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Here, Alfven refractive index is defined for a proton plasma as



N2 (x)= Y (7

and estimated to be 30~50 in central parts of LHD plasma. The normalized frequencies, 2, ,,

depends on a space coordinate x due to the inhomogeneity of confining magnetic ficld Bo(x); fora

tokamak x would be taken in the direction of major radius.

4.2 Analysis (heavy minority case)
Let us take minority ion as first species and designate it by subscript 1. The majority ion is the

second ion species designated by subscript 2. Since we are considering so called "heavy” minority

case, Zi/my < Zz/mz and nz>n). Cyclotron layer of minority ions, €2, =1, is placed at the center of

the plasma and &2, < 1 follows subsequently. Typical heavy minority regimes are H(D) and H(He-3).

It is convenient to expand two multipliers of the numerator in Eq.(1}) to get the following form :
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Then, Eq. (1) takes a form:
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Here, we claim again that "minority" is species 1: Q=1 and p, << 1. In the denominator, we put

®, + 1 = 2 near of minority resonance and put the non resonant term £2,(z) = const. Now, one can

casily see singularities and zeros in Eq. (10} and can draw spacial variation of the refractive index as

shown in Fig. 4. Here, by analogy with tokamak, x coordinate may be called "major radius like

coordinate”.
Now we pay attention to the two domains where two important processes take place: near the

cyclotron zone €, = 1 and near the two ion hybrid resonance zone wherek - o. The latter

corresponds to zero of denominator of Eq. (10).

One can see "singularity-cut off" pair as always refered to in light minority scensrios. However, there

is an important difference from light minority case: the cut off is absent between cyclotron resonance

zone and two ion hybrid resonance. The cut offx =x, " is given by :
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Two ion hybrid resonance position,x =x, ", is given by :
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Now we can calculate the separation between cut off and singularity :
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Because usually n//2 <<N A2 (0), Eq.(13) is given approximatcly by
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In all above formulas, I is characteristic length of magnetic field variation in plasma center region :
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, wc have for two scenarios :
1) H(D) plasma :p /1, = 2n /n,, n,=n, +n,, Q,=1/2, and separation is :

Ax, - 2(1‘: 5 (v=n,in,) (18)

2)H(He-3) plasma : u,/u,= 3n,/n,,n, =2n, +n,, Q,=2/3,

v

Axoﬁ=ml,. (19)

Thus, for H(He-3) scenario the cut off-singularity pair is closer in comparison with H(D) case by 1.5
times. It means that conversion of RF power to IBW, which is responsibie for electron heating in
ICRF experiments, will be much smaller in H(He-3) regime. As schematically shown in Fig. 6, in

H(He-3) scenario fast waves are easily tunnel through the evanescent layer.

4.3 Optical thickness for o=w,_ '

Now we evaluate attenuation of fast waves passing through the Doppler broadened minority

ions cyclotron zone. To do this, it is needed to add anti Hermitian parts to tensor components

£,,~ &, + 3¢ and to cvaluate

2 (Tmk dx =~ 372 20
T=2] 3,7V, (20)

This evaluation is valid if concentration of minority jons is sufficiently small and polarization of the

plasma is not influenced. More exactly, this criterion is given by

1)
n, kVg
— <
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(21)

If the minority concentration n; is greater then above critical value, two ion hybrid resonance effects
must be taken into account.

For LHD parameters, Eq. (20) may be written in a form
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It means that significant part of incident RF power will be absorbed during the first transit through the
minority ion cyclotron layer. Non absorbed part will be partly converted to IBW, and partly tunnel
through evanescent zone and propagate as a fast wave. After reflection from plasma boundary FW
again tunnels back to the direction of minority cyclotron resonance layer. Important to stress is that
the evanescent layer is 1.5 times shorter in H(He-3) scenario than in H{D) scenario. It means that
FW easily tunnels, smaller RF power will be again converted and remaining FW power will be

absorbed by minority ions.

4.4 Role of Alfven resonance in "Heavy" minority scenario
In previous analysis, we have been interested in phenomena near of plasma center, where ion
cyclotron and hybrid resonances were placed in two ion component plasma. In "heavy” minority

scenario, generator frequency is lower than cyclotron frequency of bulk ions. One may take that

species 1 is hydrogenic ion and Q,<1. In asuch case the denominator in Eq. (4.1) has a second

zero near of plasma boundary, where plasma density is much more rapidly changing in comparison
with confining magnetic field. We clarify this situation introducing "minor radius” coordinate

x =R - R, (in 3D plasma model it is magnetic flux psi-coordinate) to describe plasma density

varations in Alfven refraction index. Now denominator of Eq. (1) have more detailed view :

u, u, 2
N2 (1-x*)" + +n’=0 23
“ Q-1 Q-1 ' *)

, wheret he first term in the parenthesis near of plasma boundary is negligible because here is no

minority cyclotron resonance. It is easily studied that there is a second zero at the periphery of the
plasma ( x—>1 ), which is well known Alfven resonance. The full dispersion curve over minor

plasma cross section is shown on Fig. 6. Fast wave, radiated from inside antenna, meets Alfven

resonance €, (X)-— ni =0, followed by second zero of RHS numerator of of Eq.(10). We easily

evaluate separation of this new "singularity -cut off” pair.
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The fast Wave, tunnelling through Alfven cvanescent region, attenuates for typically small nﬁ /N iuby

the factor

E,=E exp {_knAng?)} ‘ (25)

In stellarators & = 0.5 — 0.3 (broad plasma density profiles) and

k Ax
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It means that Fast Wave going into Alfven resonance easily penetrates through the evanescent region.

Convertion of RF power to Kinetic Alfven Waves is therefore negligibly small. ICRF antenna,
however, must excite sufficiently small k;; spectrum to ensure inequality 1i,,< Nao to be hold. It may

be provided at least by a 2 loop antenna.

There is also another physical effect which can completely eliminate conversion of FW at
Alfven resonance. At a plasma boundary there are impurity ions of first wall material together with
partially stripped oxygen, nitrogen, carbon and etc.. Their cyclotron resonances are overlapped with
Alfven resonance layer. Formally, it is evident from initial dispersion relation Eq. (1) that imaginary

addition off them with reasonable (not very small ) k;; values eliminate Alfven resonance completely.

V. Conclusions

In this work we proposed two basic scenarios to heat directly ions in Large Helical Device.
Main recommendation is to operate in multi-ion species regimes, providing variety of interesting ion
heating schemes. The main proposed scheme involves operation with heavy minority ions in
predominantly hydrogen plasma with deuterium or helium-3 ions, matching a generator frequency

with minority ions cyclotron resonances. Crucial element of this scheme is ICRF antenna located at

11



high magnetic field side of the device. Dispersion of first Magnetosonic Waves in this scenario is
such one that the first resonance to be met by waves is minority ion cyclotron resonance and thus
predominant ion heating is provided. It was proposed to locate two ICRF high field side antennae in a
toroidal section where plasma cross section is horizontally elongated in order to provide central RF
power deposition profile against large Shafranov shift foreseen in high beta rexperiment.

The second scenario with high field side antenna uses classical D(H) or D(He-3) plasma with
important addition of third ion isotopes component to climinate degeneration with second harmonic of
deuterium. The RF power, in this scenario, is absorbed as Ion Bemnstein Wave at second harmonic
resonance of third minority ions. High charge and masses of this third ion component will provide
good transfer of absorbed power to the bulk plasma ions. Both schemes have been proved in
tokamaks ICR experiments.

For successful operation in these scenarios antenna must provide needed k, shaping with

fortunately greater loading resistance.
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