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Additional plasma heating, for example ICRF (Ion Cyclotron Range of Frequencies) heating, allows heating only
a group of the fuel particles which will initiate the thermonuclear fusion reaction. But the ICRF heating scenarios
are sensitive to the small fractions of the impurities, the fusion products and the minority ions. Therefore the
optimization of the fraction ratio between the fuel ions and other ion components is required. It takes into
consideration the effect of the ion components on the heating mechanism, the power interchange between the
plasma components and the power loss channels from the confinement volume. The conditions of transferring from
minority heating regime to the mode conversion one is studied for the reactor relevant D-T experiments.
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INTRODUCTION

The tritium minority heating scenarios at ITER
could provide an effective triton heating by the fast
wave (FW) but the designed frequency range
(40...55 MHz) is out of the required relation between
the frequency and the magnetic field values. That is
why a main attention is paid to the ICRF heating
scenarios at second tritium harmonic and the minority
heating of deuterium or He® (the hydrogen minority
heating is not accessible also). The fusion reaction rate
is largest for the D-T plasmas. Therefore the D-T
experiments are most promising for the reaction
ignition [1]. On the one hand the second harmonic
tritium heating scenarios provide mainly the heating
of the tritons from the tail of the distribution function.
They transfer partially the power to the electrons
through the collisions and leave partially the
confinement volume due to the large Larmor radius
orbits. It is observed at least for the experimental
conditions of the JET tokamak when the core ion
temperature is up to 10 keV. Thus the additional ICRF
heating contributes mainly to electron but not to ion
heating. On the other hand even the pure D-T
experiments contain at least about 0.1 % of He’ as a
result of the tritium radioactive decay. It provides
additionally the He® minority heating (co-located with
the tritium second harmonic heating) even without the
external He® injection [2, 3]. But the He® injection
could be useful at initial stage of the D-T experiments
to reach core ion temperature enough high for the
effective ion heating at trittum second harmonic at
second stage. That is why the sensitivity of the D-T
experiments to the presence of He’ ions should be
studied carefully [4].

1. MINORITY HEATING AND MODE
CONVERSION

Usually the relation between the ICRF frequency
and magnetic field values in the JET D-T experiments
was chosen to locate the second harmonic of tritium
resonance in the plasma centre. For small
concentrations of D and He’ it provides almost the
central T/He® heating and may be the deuterium
minority heating at high field side (see Fig. 1).
Without He’ minority there is one evanescence layer
for FW propagation near the plasma edge at high field
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side (it will be called “second evanescence layer”). He’
injection introduces another evanescence layer near the
plasma center at high field side (it will be called “first
evanescence layer”). In the theory the FW reaching the
evanescence layer can be converted to the short
wavelength modes (Ion Bernstein Waves or Ion Cyclotron
Waves). But only the He’® minority heating is usually
observed for small concentrations of He’ (due to Doppler
broadening of the cyclotron layer and its partial
overlapping with the evanescence layer). In this case FW
power is well absorbed by the minority ions (good single
pass absorption) and does not reach the first evanescence
layer. Increasing the He® concentration leads to shifting
first evanescence layer to high field side and makes this
layer wider. When fist evanescence layer is enough far
from the cyclotron resonance layer but its width is not too
large (to reflect back all coming power) there is a
possibility of partial conversion and transmission of the
FW power. The converted power can be absorbed
effectively by electrons providing additional local
electron heating. But the transmitted power can reach
second evanescence layer. And then again there are three
possible scenarios: a) if second evanescence layer is close
to deuterium cyclotron layer, all transmitted power is
absorbed by deuterons due to the minority heating (it is
dangerous for the antenna operating if powerful heating is
enough close to the edge); b) if second evanescence layer
is enough far from the deuterium cyclotron layer but is
enough narrow to convert part of coming FW power (a
source of additional edge heating which should be
avoided also); c) if second evanescence layer is enough
far from the deuterium cyclotron resonance and enough
wide to reflect mainly coming power (the reflected power
can enhance the mode conversion near first evanescence
layer). Here the recent developed theory [5] which is
related to the cases b) and c) will be applied to explain a
reason of possible additional local electron heating in
plasma core and additional edge heating in the D-T
experiments with He® injection.

2. DEVELOPED HEATING SCENARIO

The main experimental values are taken from the JET
D-T fusion discharge #41735 to check a possibility of
transition from the minority heating regime to the mode
conversion one. The ratio of the fuel component
concentrations was D:T=10:90. The He’ concentration
before the ICRF heating stage was 4 % of the electron
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density. The magnetic field was 3.4 T and the
operating frequency was 34 MHz. Central electron
density was 3.4-10" cm™. The central ion temperature
was not measured but it can be estimated as equal
approximately to the electron one (about 10 keV). The
ICRF antenna worked with the dipole phasing which
means the maximum of the antenna spectrum at the
toroidal mode number n,=27 (it is about k=6.75 m™).
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Fig. 1. FW dispersion curve in cold plasma
approximation for the experimental conditions of JET
discharge #41735. Positions of the cyclotron
resonance layers (D, He®) are shown

Lets start first from the FW dispersion curve in the
cold plasma approximation to give a picture of the
cyclotron and evanescence layer positions for the
experiment (see Fig. 1). The estimation of the He’
cyclotron resonance layer width gives about 7.5 cm
for the thermal particles. Therefore the dependence of
the evanescence layer width and its distance from the
cyclotron resonance on the He® concentration is built
in Fig. 2. Surely the range of the concentration up to
4% corresponds to pure minority heating regime
(there is not a hope that FW can reach first
evanescence layer). For the range 4...8 % there is a
competition between FW power amounts absorbed
near He’ cyclotron resonance and passed through it.
So, the FW mode conversion could be expected for
the He® concentrations above 8%. It should be noted
that first evanescence layer width has a maximum at
such dependence (see Fig. 2).
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Fig. 2. Dependences of the distances on the He’
concentration. Ranges of dominant minority heating
and possible mode conversion are shadowed

The mode conversion analysis is carried out
using: 1) Budden model [6] (allows estimating when
FW transferring through the evanescence layer is
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essential and the mode conversion can be essential);
2) the triplet configuration model [7] (allows calculating
the fraction of the mode converted power when the
R-cutoff layer penetrates deeply into plasma from high
field side) and 3) the multiplied mode conversion layer
model [5] (allows calculating the mode conversion
efficiency for few evanescence layers in plasmas).

m

Fig. 3. Contour lines of the maximal possible mode
conversion coefficient C and position of the JET
experiment

Numerical analysis of the JET #41735 experimental
conditions shows that they correspond to the 3) mode
conversion model. Then the FW mode conversion
coefficient is defined from:

C=TLA-TT,)+4T,1-T)1A- Tz)sin2(CD/2) , (1)
where @ is a phase difference between the waves
reflected from first and second evanescence layers,

T,=e™ and T,=€e "2 — the
tunneling coefficients through first and second

evanescence layers respectively. Last are defined by the
tunneling factors 1, and n;,:
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where the integrals are taken over the range of the
corresponding evanescence layer (negative values of the
perpendicular wave number).

In such a way the maximal possible fraction of
the mode converted power is defined by formula:

Chax = TL(I-TT) +4T(1-T)A-T,). 3)
Fig. 3 shows the position of the JET experiment on the
contours of (3). But 4 % concentration of He’ is still good
minority heating condition to avoid an essential mode
converted fraction. That is why He’ fraction has to be
increased to 8 % (minimal required to avoid a perfect
single pass absorption due to minority heating) in the
numerical analysis. Such He® concentration increasing
shifts the experimental condition to 2) mode conversion
model. Tunneling factor m; reaches value 1.1. It
corresponds to the case when FW transmission is
negligible and most FW power is reflected back to the
antenna allowing the second pass absorption by He’. That
is why we propose to decrease the FW frequency to shift
the resonances on 40 cm to the low field side. The
experimental conditions become again corresponding to
3) mode conversion model which predicts up to 20 % of
mode converted power.

FW  power
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Fig. 4. Radial distribution of the absorbed power for
the developed experimental scenario. Possible
contribution from the mode conversion is seen as
increased electron absorption

Last experimental conditions were simulated with
full wave code TORIC [8] to prove or disprove the
predictions of 3) mode conversion model. Fig. 4
presents the radial dependence of the power absorbed
by the different plasma species. Since TORIC operates
with the Maxwellian distribution functions the tritons
from the tail of the distribution function (a loss cone
of the first orbit losses) have been excluded from the
power balance analysis.

CONCLUSIONS

The reactor relevant T-D experimental conditions
were tested for transferring to the mode conversion
regime with increasing He’ concentration. There are
different analytical models of mode conversion but the
multiplied mode conversion layer model developed
for the case of few evanescence layers in plasmas
corresponds to the experimental conditions. It has
been used to predict the fraction and position of the

mode conversion. The prediction has been tested by the
full wave simulation of the scenario with the power
balance correction from Fokker-Planck simulations. The
results allow to hope that the developed model works in
the framework of its approximation.
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BJIMSIHUE UOHOB MAJIOM JOBABKH HA-BY HATPEB TEPMOSIJIEPHOM IJIA3MBbI
U.B. Ilasnenxo, U.A. I'upka, b.U. /lesuca

JlononHuTenpHBId Harpes Ila3Mmbl, Hanpumep, BY-narpes, 1MO3BOJS€T HAarpeBaTb TOJIBKO TPYIILY 4YacTHIL

TOIUIMBA, KOTOpbIe OYJIyT MHUIMUPOBATH TepMosiepHyto peakiuio. Ho cuenapuun BU-HarpeBa 4yBCTBHUTENBHBI K
MaJibIM (hpaKkLIusiM TpUMeEcel, MPOIYKTOB PEaKkIWyd W MOHOB Majioil no6aBku. IloaTomy TpeOyercs onTuMHU3anus
MPOLIEHTHOTO COOTHOLICHHS MEXIY MOHAMH TOIUIMBA U Mpo4uMU HOHaMu. OHa NOJDKHA NMPHUHUMATh BO BHUMAaHUE
BJIMSHUE WOHHBIX KOMIIOHEHTOB Ha MEXaHW3MBbl HarpeBa, OOMEH JHEpPrued MeKay KOMIIOHEHTaMH IUIa3Mbl U
KaHaJbl yX0/la SHEpTUH U3 00bEMa ynepkaHus. YCIOBHA IEPEXoaa OT PEKUMa HarpeBa MOHOB MaJIOW 100aBKH K
PEKMMY KOHBEPCHH MOJ] U3y4YaroTCs JUIsl TIEPCIIEKTUBHBIX AKCIIEPUMEHTOB C AEHTEPHEBO-TPUTHUEBOI TLITa3MOH.

BIIJIUB IOHIB MAJIOI TOBABKH HA BU-HAT'PIBAHHSI TEPMOSIIEPHOI IIJIA3ZMHA
L.B. Ilagnenxo, 1.0. TI'ipka, b.1. J/lesica

JonatkoBe HarpiBaHHS IUTa3MH, Hampukiaa, BU-mHarpiBaHHS, J03BOJISIE€ HArpiBaTH TIIBKH TPYIy YacTHHOK
nanuBa, siKi Oy/lyTh iHILIIOBaTH TepMOsAEpHY peakuito. Asne cueHapii BU-HarpiBaHHs € YyTIMBUMH 1O MallMX
(dpakiiii JOMIIIOK, MPOAYKTIB peakilii Ta ioHiB Majoi g100aBku. ToMy € HEOOXIAHICTh B ONTHUMI3AIll BiZICOTKOBOTO
CHIBBITHOILIEHHSI MK 10HAMU TIajIMBa Ta iHIIMMHU ioHaMu. ONTHMI3allis TOBUHHA PUIMATH 10 YBard BIUIMB IOHHUX
KOMITOHEHTIB Ha MEXaHI3MM HarpiBaHHs;, OOMIH €HEpri€l0 MK KOMIIOHEHTaMH IIa3MH Ta KaHaJM BTPaTH €Heprii 3
00’eMy yTpUMaHHSA. YMOBH II€PEXOAY BiJ pPEXKMMY HarpiBaHHs 10HIB Majioi JOOABKH 110 PEKUMY KOHBEpCii MOJ
BUBYAIOTHCS JUIS IEPCIIEKTUBHUX EKCIIEPUMEHTIB 3 AEHTEPi€BO-TPUTIEBOIO IIIIa3MOIO.
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