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ICRF mode conversion heating regime is widely used in present-day tokamaks. The theoretically predicted mode
conversion enhancement due to the constructive interference of the fast wave reflected from the evanescence layer with
a wave reflected from the high-field side cutoff was first experimentally identified in JET in (*He)D experiments. This
effect was recently tested in ("He)H plasmas, which is one of the ICRF heating scenarios considered for the non-
activated phase of ITER operation. Due to the presence of the intrinsic D-like impurities in JET (e.g., C*', “He) the
supplementary conversion layer was produced in the plasma that defined the interference conditions. The different
behavior of the conversion efficiency observed at various *He concentrations is analyzed in the paper on the basis of the

theory of the fast wave mode conversion in plasmas with two evanescence layers.

PACS: 52.55.Fa, 52.50.Qt, 52.25.0s
1. INTRODUCTION

ICRF mode conversion regime is being actively
studied within the last years [1]. The attention paid to this
scenario is caused by a number of important applications
it has beyond plasma heating. Mode conversion has
become a standard tool to do the transport analysis [2], it
is used to drive plasma rotation [3], to generate non-
inductive current drive, to pump-out impurities, to
measure the ion species mix, etc. The principle of this
scheme consists in the following. An ICRF antenna
located at the low field side (LFS) of the tokamak
launches the fast wave (FW) which propagates to the
plasma center. At the ion-ion hybrid (IIH) resonance the
FW is partially converted to short-wavelength mode
which is commonly effectively damped on the electrons.
The optimization of this heating scheme relies on the
achievement of the proper conversion conditions. The
Budden theory predicts that maximum 25% of the FW
energy can be converted to short-wavelength mode when
the FW tunnels through an isolated evanescence layer.
The interference effect described by V. Fuchs et al. [4]
allows to significantly enhance the conversion efficiency.
The conversion enhancement is caused by the additional
reflection of the FW transmitted through the evanescence
layer from the high-field side cutoff. The optimal
conversion conditions are achieved when the reflected
waves have nearly equal amplitudes and the opposite
phases. Within this model the conversion coefficient can
reach the value of 100%.

The first experimental evidence of this effect was
shown in JET for (*He)D plasmas [5]. The experimental
data of the power absorbed by electrons as a function of
minority *He concentration, X[*He] was found to be in fair
accordance with the theoretical analysis and numerical

modeling. It was shown that the electron absorption
efficiency was an oscillatory function of X[*He].

Recently, a series of experiments at JET was
performed to test this idea in (He)H plasma [6]. Unlike
the ("He)D scenario, the latter is an inverted one, i.e.
a scenario with a ‘heavy’ minority, (Z/A)uwin<(Z/A)ms. For
the inverted scenario the evanescence layer is located
between the LFS antenna and the minority cyclotron
resonance. As the minority concentration is increased, the
conversion layer shifts towards the LFS in contrast to the
HFS layer shift for the regular scenarios. Moreover, as
shown in the past experiments [7], the inverted (‘He)H
scenario requires much lower X[*He] to reach the mode
conversion regime than the regular (*He)D scenario. The
aim of the ("He)H heating experiments performed earlier
at JET [7,8] was to test the potential of this heating
scenario for the non-activated phase of ITER operation.
At this early ITER experimental stage predominantly
hydrogen plasma will be used to minimize the activation
of the tokamak components.

Before the shutdown of JET in 2009 most of the inner
wall was made of carbon tiles. It resulted in the
unavoidable presence of carbon in the plasma at a fairly
high level enough to prevent the minority heating of
deuterium in hydrogen plasmas[7,8]. In addition,
deuterium (as the most commonly used gas in JET) and
*He (since ("He)H heating experiments were performed
after a “He campaign) ions were present in all discharges
due to the recycling. Thus, the (He)H plasma was
unavoidably contaminated with the D-like species, which
from RF point of view acted as a single species with
Z/A=1/2. The presence of these ions led to the production
of a second conversion layer in the plasma. This resulted
in a more complicated picture of the mode conversion
physics than for the usual case of a single resonance.

* See the Appendix of F. Romanelli et al., Proceedings of the 22" IAEA Fusion Energy Conference 2008, Geneva, Switzerland
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2. MULTIPLE MODE CONVERSION LAYERS
PHYSICS

The mode conversion coefficient in plasmas with two
evanescence layers is found to be of the form [9]:

C =TTl - TWTo) + 4T (1 — T1) (1 — Ty) sin®(Ap/2),(1)
where 772 are the transmission coefficients through the
corresponding conversion layers. The constructive/
destructive role of the interference effects in mode
conversion is determined by the phase difference

Ap =20 + Uy — Uy, (2)
The largest contribution to A¢ in (2) is given by the term
2®, which is defined by the distance between the
conversion layers.

The location and transparency properties of each of
the conversion layers strongly depend on the
concentrations of both minority species. Fig. 1 shows the
spatial dependence of the FW wavenumber, ki,pw as a
function of X[*He] and X[D]. It is clearly seen that with
the increase of the minority concentration, be it X[*He] or
X[D], the corresponding conversion layer moves towards
the LFS as for the present inverted scenario. But the
mutual effect on the opposite conversion layer is inverse
for *He and D ions. The X[*He] increase leads to a shift of
the D layer towards the HFS and to the decrease of its
width, while the increase of X[D] results in the LFS shift
of the *He layer. It also alters the width of the *He layer,
which results in the significant reduction of the transition
*He concentration at which the mode conversion regime is
observed [7, 9].

The (*He)H experiments referred to were performed at
the magnetic field By=3.4...3.5 T and with the antenna
frequency f=32.5 MHz. This positioned the *He cyclotron
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Fig. 1. FW dispersion as a function of X["He] and X[D],
By=3.2T, =33 MHz

38

resonance layer ~20 cm out of the plasma center to the
LFS, the D cyclotron resonance was located at the HFS at
R=2.4m (Fig. 2). As discussed, two mode conversion
layers were present in the plasma: one layer was
associated with *He ions, and another — with D-like ions.
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Fig. 2. Tokamak poloidal cross-section with the locations
of the *He and D cyclotron resonance and mode
conversion layers, By=3.46 T, f=32.5 MHz

Since the position of the conversion layers depends on
the minority concentration it is important to implement
the real time control (RTC) of the *He concentration. RTC
scheme relies on the generalized Mantsinen law. It
utilizes the definition of Z.s and links relative divertor
light intensities of species to the relative species
concentrations [5]. It was found that the experimentally
determined locations of the maxima of electron
absorption (determined from the analysis of the
temperature response to the RF power modulation) did
not coincide with the locations of the conversion layers
calculated from the dispersion study using the RTC data
for X[*He], the latter being representative for the divertor
region and not necessarily for the core. A minimization
procedure was implemented to establish the relation
between the divertor and core *He concentrations. It
turned out that a simple multiplicative factor of 1.6 allows
to reconcile experimental and theoretical predictions.

For XRTC[3He]<4% there are two conversion layers in
the plasma. The conversion coefficient is defined by the
formulas (1) and (2). ICRF heating efficiency has an
oscillatory Fuchs-like dependence on X[*He] with one
clear maximum (Fig. 3).In the range 4%<Xrrc[*He]<6.5%
the *He conversion layer approaches the plasma edge.
This regime is characterized by a poor antenna-wave
coupling. Further increase of X[’He] moves the *He
conversion layer out of the plasma, and only a single
D conversion layer remains in the plasma. In such
conditions, a change of X[*He] does not have such a
pronounced effect on the phase difference A¢
(determined now by the distance between the
D conversion layer and the high-field side R-cutoff) for
smaller *He concentrations. The response of the heating
efficiency to the change of X[’He] is rather flat in this
regime, which is typical of the triplet-model theory [4].
Within this model the conversion coefficient is given by
C =4Te(1 — T2)sin®*(A¢/2). T: — the transmission
coefficient through the D layer — is lower than in the two



conversion layers regime due to higher *He concentration,
which makes D conversion layer to be a semi-transparent.

The described conversion regimes have different
sensitivity not only to the plasma composition, but also to
the toroidal wavenumber, n,. Since the location of the
high-field side cutoff depends critically on ny,, the
toroidal wavenumber dependence of the conversion
coefficient is more pronounced in the second regime.
Numerical simulations with the 1D full-wave code
confirmed the presence of two mode conversion regimes
with the different behavior to the variation of plasma
parameters [6].

regimes can be qualitatively explained by the Fuchs
theory and its two mode conversion layers extension.

ACKNOWLEDGEMENTS

This work, supported by the European Communities
under the contract of the Association between
EURATOM and the Belgian State, was carried out within
the framework of the European Fusion Development
Agreement. The views and opinions expressed herein do
not necessarily reflect those of the European Commission.
The work of Ye.O. Kazakov was partly supported by the
Erasmus Mundus Visiting Scientist Scholarship.

1 REFERENCES
#modn comermen S ::THU 1. A.V.Longinov and K.N. Stepanov. High-Frequency

g“’ o Ny Plasma Heating / Ed. A.G.Litvak. New York:
2o . Fe o Ruoge® “American Institute of Physics”, 1992, p. 93-238.
W b ..;"""_ L I i ade o8 2. D.Van Eester, E. Lerche, P. Mantica, etal. // AIP
% 0.4} 9% ".&n witig | Conf. Proc. 2007, v. 933, p. 63-66.
2 e iy h 3. Y.Lin, J.E. Rice, S.J. Wukitch, etal. // Physics of
e o SoPe .." * o wad, oo Plasmas. 2009, v. 16, N 5, p. 056102.

i > 4. V.Fuchs, AK. Ram, S.D. Schultz, et al. // Physics of

0 2 4 ] 8 10 12

Plasmas. 1995,v.2,N 5, p. 1637-1647.

5. D. Van Eester, E. Lerche, Y. Andrew, et al. // Plasma
Physics and Controlled Fusion. 2009, v.51, N4,
p-044007.

6. D.Van Eester, E. Lerche, T. Johnson, etal. Mode
conversion heating in JET plasmas with multiple
mode conversion layers // Proc. 37th EPS
Conference on Plasma Physics (Dublin, Ireland,
2010), p. P5-163.

7. M.-L. Mayoral, P.U. Lamalle, D. Van Eester, et al. //
Nuclear Fusion. 2006, v. 46, N 7, p. S550-S563.

8. P.U.Lamalle, M.J. Mantsinen, J.-M. Noterdaeme,
et al. // Nuclear Fusion. 2006, v. 46, Ne 2, p. 391-400.

9. Ye.O. Kazakov, I.V. Pavlenko, D. Van Eester, et al.
/I Plasma Physics and Controlled Fusion. 2010,
v. 52, N 11, p. 115006.

3He Concentration [%6] (RTC guess)
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CONCLUSIONS

Recent (*He)H heating experiments at the JET
tokamak confirmed the essential role of the intrinsic
D-like species in the ICRF mode conversion scenario.
The presence of such ions leads to the generation of a
supplementary conversion layer in the plasma, which for
small *He concentrations defines the interference pattern
in the plasma. For large X[*He] only a single conversion
layer associated with D ions is present in the plasma. The
difference in the mode conversion coefficient behavior to

the various experimental parameters observed in these
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BBICOKOYACTOTHBIN HAT'PEB BOJJOPOIHOM IVIA3MBI C IBYMSI OBJIACTSIMU KOHBEPCUHU
E.O. Ka3zaxkos, D. Van Eester, E. Lerche, H.B. Ilagnenxo, H.A. I'upka, B. Weyssow

BrIcOKOYaCTOTHBIN HarpeB IUIa3MbI B peXXMME KOHBEPCHH MOJI ITUPOKO HCIIONB3YETCS B COBPEMEHHBIX TOKaMaKax.
Teopernueckn npenckazaHHoe yBenmueHue Y)(HEeKTHBHOCTH KOHBEPCHH BCIENCTBHE HHTEP(EpEeHIINN OBICTPOI BOIHBL,
OTpakeHHOH OT 00JaCTH HETPO3PavyHOCTH, C BOJHOH, OTPaKEHHOH OT OTCEYKH CO CTOPOHBI CHIIBHOTO MAarHUTHOTO
107151, OBITO BIIEPBBIE SKCIIEPHUMEHTAIBHO MTOITBEPKICHO B (3HC)D-3KCHepI/IMeHTaX na Tokamake JET. auusiii a¢ et
usyvaics B (3He)H—rma3Me, KOTOpasi paccMaTpuBaeTcsl Kak OAWH W3 cueHapueB BU-HarpeBa Bo Bpemsi HaualbHOM
craguu  pabortsr ITER. Bemencteme mnpucyrteteus B mmasme JET neifrepmenomo6ueix mpumeceiin (C®', “He)
00pa30BbHIBAJIACH JIOTIONHUTENBHASL 00JIACTh HENPO3PayHOCTH, KOTOpas ONpelesisula YCIOBHs WMHTep(EepeHIInH BOJH.
Pasmiunoe moBeneHne Ko GHUIEEHTa KOHBEPCHH, HAGTIO[aeMOe IPU Pa3HBIX 3HAYCHUAX KOHIEHTPAIHH HOHOB ~He,
aHaIM3UPYyeETCs B paboTe C MOMOUIBIO TEOPUU KOHBEPCHH OBICTPBIX BOJIH B TIa3Me C JBYMsI 00JIaCTSIMU HENPO3PayHOCTH.

BUCOKOYACTOTHE HATPIBAHHS BOJJHEBOI IIJIABMH 3 JIBOMA ITAPAMHA HETPO30OPOCTI
€.0. Kazakos, D. Van Eester, E. Lerche, L.B. Ilagnenxo, 1.0. I'ipka, B. Weyssow

BucokouactoTHe HarpiBaHHs IUIa3MH B PEXHUMI KOHBEpCil MOJ IIMPOKO 3aCTOCOBYETHCSI B CyYaCHUX TOKaMakax.
Teopernuno nependaueHe 301IbILIEHHS €PEKTUBHOCTI KOHBEPCii BHACIIIOK iHTEp(epeHIil MBUIKOT XBIIIL, 0 BigOUTa
BiJ IIapy HENpO30pOCTi, 3 XBHJEI, IO BiAOWTa BiJ BiACIYKM 3 OOKy CHJIBHOIO MAarHiTHOTrO moJjsi, OyJjo Brepiie
eKCIIepMMEHTaNbHO HiaTBepkeHo B (‘He)D-excrepuMentax Ha Tokamani JET. Lleit edekT HemoaasHo anpo6oBaHoO B
(*He)H-mma3mi, sika po3IIsiaeThcst K OJMH i3 cleHapiie BU-marpiBamHs Ha nouatkosiii cranii po6oru ITER.
Buacnigok npucytocti B mmasmi JET geiitepienonionnx momimok (C®', *He) yrBoproBaBcsi n0ofaTKOBHi Imap
HENpOo30pOCTi, 0 BU3HAYAB YMOBH iHTepQepeHmii XBub. Pi3Ha moBeninka koedimieHTy KOHBEPCii, 0 criocTepiranacs
3a pi3HOT KOHIEHTpaILi ioHiB “He, aHaTi3yeThest B poGOTI Ha OCHOBI Teopii KOHBEpCiT MBHAKKX XBHIIb B IUIAa3Mi 3 IBOMA
[IapamMu HeTPO30POCTi.
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