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The ICRF mode conversion heating scenario relevant to the start-up phase of ITER operation is studied. The
1D theory of fast wave (FW) propagation in fusion plasmas is applied to study the inverted ICRF (*He)H scenario with
two ion-ion hybrid resonances for the typical conditions of the tokamak JET. The role of the intrinsic impurity C** ions
in the mode conversion for the considered heating scenario is discussed. It is shown that for the modest concentrations
of carbon impurity (above ~ 1.5%) the corresponding evanescence layer is enough wide to reflect the FW and produce
the interference pattern which, in turn, determines the mode conversion efficiency and subsequent local electron heating.
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1. INTRODUCTION

The hydrogen H plasma will be used during the initial
phase of the ITER operation to minimize the activation of
the tokamak. The two ITER-relevant ICRF heating
scenarios using the minority ions of deuterium D and
helium three *He has been studied recently on the JET
tokamak both in the minority heating (MH) and mode
conversion (MC) regimes [1,2]. These scenarios are
inverted, i.e. the charge-to-mass ratio of the minority ions
is smaller than that of the majority ions,
Zmin/ Amin < Zimaj/ Amqj. In such plasmas the ion-ion hybrid
(ITH) resonance layer is located on the low field side
(LFS) of the minority cyclotron resonance. Therefore the
FW launched by the ICRF antenna from the LFS of the
tokamak approaches the IIH resonance layer before
reaching the cyclotron resonance layer.

MH regime occurs for the small concentrations of the
minority ions less than some critical value. In this regime
the minority ions are effectively heated and the energetic
tail in the minority ion distribution function is produced.
The subsequent electron and background ion heating
happens after the several slowing down times. With the
increase of the minority concentration the transition from
MH to MC regime occurs.

In the MC regime the launched FW is partially
converted to the slow wave (SW) in the vicinity of the IITH
resonance layer. Regardless of the nature of SW (it
depends both on temperature and poloidal magnetic field
effects) it is effectively absorbed by electrons due to the
strong ELD mechanism which gives rise to the direct
electron heating.

It was found that the MH regime is inaccessible in
(D)H plasmas due to the presence of the intrinsic impurity
ions with Z/A=1/2 (particularly, C* ions) [1,2]. The
charge-to-mass ratio of such ions is the same as for
D ions. Such impurities together with the D ions define
the properties of the evanescence layer. Typically, the
carbon concentration is ~ 1-3% which immediately leads
to the MC heating regime.

In this paper the role of C* impurity ions which
produce the second ITH resonance layer in (*He)H plasma
is discussed. The similar heating scenario of (H,’He)D
plasma with two ITH resonance layers was studied in [3].

This scenario is relevant to the high field side (HFS)
antenna location.

Here the theory of FW propagation in nonuniform
plasmas with two ITH resonances [4] is used to analyze
the (CHe)H heating scenario. It is shown that the efficient
mode conversion and subsequent electron heating could
be achieved due to the interference effects between two
reflected waves. This effect is similar to the beating effect
described in [5]. But for the considered conditions the
second reflected wave exists due to the reflection from the
additional evanescence layer instead of reflection from
the HFS R-cutoff at low plasma density.

2. THE ROLE OF C* IONS DURING THE
MODE CONVERSION IN (*He)H PLASMAS

The propagation of the FW in nonuniform plasma is
usually described by the wave equation for the
E, component of the electric field
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E
5+ QUE, = 0. (1)

The potential function Q(x) is proportional to the square
of the perpendicular refractive index given by the
dispersion relation

(R - nHZ)(L- nﬁ)
S - nﬁ

where S, L, and R are the components of the plasma
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dielectric tensor in the Stix notation and 10y = ¢k /0 is
the parallel The
resonances (S = nHZ ) and L-cutoffs (L= nﬁ ) form the

refractive index. ion-ion hybrid

evanescence layers which are the barriers for the FW
propagation. The number of the evanescence layers
depends on the number of the ion species with the

different charge-to-mass ratio. The equation R = nﬁ

defines R-cutoffs which appear at the plasma edge where
the plasma density is enough small.

The typical dispersion relation for the plasma which
consists of H, *He and C* ions is shown in Fig. 1. The
FW launched by the antenna from the LFS is partially
reflected from L, and L, cutoffs.
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Fig.1. The real part of n% (x) as a function of the

normalized distance, x/a. The plasma consists of H, *He,
C" ions with the fractions 0.83, 0.025 and 0.02,

respectively
As shown in [4] the scattering characteristics
(transmission, reflection and mode conversion

coefficient) depend on the value of the tunnelling
parameters of each evanescence layer 1, and 1,
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and also on the phase difference between the reflected
waves Ap
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The mode conversion coefficient C is given by the
formula
C=TTL01-TT)+4T,(1- T)(1- Tz)sinz(M) /2), (5)
where T),=exp(—mn.) are the transmission coefficients
through the corresponding evanescence layers. The values
of the tunnelling parameters depend on the positions of
the IIH resonance layers in plasma and are very sensitive
to the ion species mixture. With the increase of the
minority concentration the corresponding IIH resonance
layer moves from the fundamental cyclotron resonance
layer towards LFS. The formula (5) provides the
conditions to achieve the efficient mode conversion: the
tunneling parameter 1, should be close to the optimal
value 1,=0.22 (T,=0.5) and the second layer should be
enough wide to reflect the FW transmitted through the
first layer. The phase condition A¢ = m(2n+1), n0 Z
should be satisfied to provide the enhanced mode
conversion.

The typical parameters of the JET experiments are
used for the numerical simulations. The magnetic field
By = 3.6T and the antenna frequency = 37.0MHz are
chosen in such a way to locate *He fundamental cyclotron
layer in the centre of the plasma column. The density
profile is assumed to be

Y 1,2

n,(r)= ny(0.95(1- r'*)*% + 0.05)
with the central electron density n, = 2.5010" cm™

In order to study the effect of C*" ions the carbon
concentration was varied in the range from 1to 3 % for
several concentrations of *He ions. The results are shown
in Fig. 2 with the contour plots of the constant levels of
the maximal conversion coefficient Cop [4]

Copt = I (A- TTy) + 4T (1- T)A-Ty) . (6)

It is clear that for the considered conditions the
evanescence layer associated with the carbon ions is
enough wide to reflect most of the energy transmitted
through the first evanescence layer. The transmission
coefficient T does not exceed 15% for the carbon
concentrations above ~1.5%. It means that the
evanescence layer produced by carbon ions acts similar to
R-cutoff in the theory of triplet configuration [5].

The C,y is the maximal possible mode conversion
coefficient provided by the interference phase condition.
As shown in Fig. 2 the tunneling parameters are increased
with the increase of the carbon concentration (1, is
increased linearly) which results in the decrease of the
transmission coefficient T and the formation of the non-
transparent second barrier for the FW propagation. The
mode conversion coefficient C,py is varied in the range
from 85 to 50% for the considered minority fractions.
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Fig.2. The dependence of the tunneling parameters 3,
and n; on the carbon concentration

3. DISCUSSIONS

As it was mentioned the mode conversion coefficient is
determined by the phase difference between the reflected
waves. The phase conditions corresponding to the parameters
of Fig. 2 as a function of the carbon concentration are shown
in Fig. 3. With the increase of the carbon concentration the
evanescence layer moves from the carbon cyclotron resonance
towards LFS. As a result the distance between L, and S, layers
and respectively the phase difference Ag are decreased. The
optimal phase conditions are achieved for some relations
between carbon and helium concentrations. In this case the
mode conversion coefficient is equal to Cyy: 85%, 75% and
40% (depending on the *He concentration). It means the
experimental conditions should be optimized with the
correction on C* presence to achieve the enhanced mode
conversion efficiency.
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The several numerical calculations were carried out to
study the influence of the central electron density n, on
the mode conversion process. The change in the central
density results in the change of each tunneling parameter
and the phase difference. With the increase of the central
density both tunneling parameters are increased (roughly
as the square root of the central density). It happens due
to the increase of the perpendicular wavenumber while
the location of the resonances and L-cutoffs is almost
unchanged. The density change has the stronger influence
on the phase condition. The phase difference is increased
because of the decrease of the perpendicular wavelength.
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Fig.3. The phase difference A as a function of the
carbon concentration

The ICRF antenna launches the spectra of fast waves
with different k| depending on the antenna phasing. The
dependence of the mode conversion coefficient on k; is
opposite to the dependence on the carbon fraction: with
the increase of k; the width of the evanescence layers is
decreased. It means that different experimental conditions
should be provided for the different antenna phasings to
achieve the efficient mode conversion.

CONCLUSIONS
The role of the intrinsic impurity ions with Z/A=1/2
(e.g. C*) in the fast wave mode conversion in (*He)H

plasmas is studied. It is shown that the second ion-ion
hybrid resonance plays the important role in the mode
conversion process for the typical experimental
conditions. The relation between the minority *He and
impurity C® ion concentrations defines the conditions of
the interference between the fast waves reflected from
two evanescence layers. As a result the launched fast
wave power can be either almost totally converted if the
reflected waves come with the opposite phases or almost
totally reflected for the co-phase case. Thus the presence
of the intrinsic impurity C® ions should be taken into
account to describe correctly the mode conversion heating
of (He)H plasmas.
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KOHBEPCHSI BbICTPOM MATHUTO3BYKOBOM BOJIHBI B MHOI OKOMIIOHEHTHOM HEOJHOPOIHOM
IJIASME
E.O. Kazaxoe, U.B. Ilagnenxo, U.A. I'upka, b. Beiiccos

N3yuaercst cueHapuif BBICOKOYACTOTHOIO HarpeBa IUIa3Mbl B PEXHUME KOHBEPCHM MOJ, MMEIOIIUM OTHOLIEHHE K HayaJbHOH
craguu paboTsl Tokamaka ITER. OnHoMepHass MOsieNib paciipocTpaHeHus! OBICTPBIX MarHUTO3BYyKOBBIX BOJIH (BB) B miasme Gbuia
npumenena juis u3yuenns (‘He)H crienapust Harpesa ¢ JByMsi HOH-HOHHBIMH THOPUIHBIME PE3OHAHCAMH [T TUITHYHBIX yCIOBUH
tokamaka JET. PaccmarpuBaercs Biusane C®° HOHOB IPUMECH Ha TIPOIECC KOHBEPCHH ISl JAHHOTO CIieHapus Harpesa. [lokasaHo,
YTO JUIS YMEPEHHBIX 3HAUCHWI KOHIEHTpamuu yriaepopa (OGompme ~1.5%) cooTBeTCTBYyOmuil CI0l HEMPO3PaYHOCTU SIBIISETCS
JOCTAaTOYHO IMMPOKHM A TOTrO, 4ToOBI 0TpasuTh BB m co3mate mMHTEp(EpeHIHNOHHYI0 CTPYKTYpY, KOTOpas, B CBOIO OdYepellb,
omnpexenseT 3G (HeKTHBHOCTH KOHBEPCHH M TTOCIEAYIONIETr0 JOKAJIBHOIO HarpeBa JIeKTPOHOB.

KOHBEPCIA IBUIKOI MATHITO3BYKOBOI XBHJII B BATATOKOMIIOHEHTHINA HEOJHOPITHIN
IJTIA3MI
€.0. Kazaxkos, 1.B. Ilasnenko, 1.0. ipka, b. Beiiccos

JocmimkyeTbesl crieHapiii BHCOKOYAaCTOTHOTO HArpiBaHHS IUIa3MH B PEXHMI KOHBepCii MOJ, SKHH Mae BiTHOIICHHS 10
moyaTtkoBoi ¢aszu poboru tokamaka ITER. OgHOBHMIpHAa MOJENb MOIIMPEHHS MIBHIKMX MarHiTOo3ByKoBuX XBHIb (LX) B mma3mi
Oyna 3actocoBana juis BueueHHs (*He)H cuenapis HarpiBaHHs 3 JBOMa i0H-IOHHMMH TiOPUAHMMY PE3OHAHCAMH ISl THIIOBHX YMOB
tokamaka JET. Posrusimaerscss BIuMB ioHiB fomimku Byriemio C*'Ha mpouec KOHBepeii i JIAHOTO CLEHApilo HArpiBaHHS.
[okazano, 1m0 111 TOMIpHUX 3HA4eHb KOHIEHTpamii Byriemroo (Oinpire 3a ~1.5%) BiOmMOBiAHUIA Iap HEMPO30POCTi € JOCTATHBO
IIMPOKUM JUIs Toro, mo6 Bimoutu 11X Ta cTBOpHTH iHTepdepeHLiHy CTPYKTYpy, SKa, B CBOIO Uepry, BH3Hadae e(eKTUBHICTbH
KOHBEPCII Ta IOAANIBIIOTO JOKAJIHHOTO HATPiBaHHS EIEKTPOHIB.
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