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1. Introduction

The power absorption of additional plasma heating can be determined from the time deriva-
tive of the total plasma energy, which can be estimated from the diamagnetic flux of the
plasma using a DiaMagnetic Loop (DML). A method based on the temporal variations of the
diamagnetic flux of the plasma during Modulated Electron Cyclotron Heating (MECH) has
been developed and applied to absorption measurements of second (X2) and third (X3) har-
monic X-mode ECH in TCV [1]. A MECH frequency scan has allowed the determination of
an optimum modulation frequency situated at about 200-250 Hz. For low field side launching
configuration, full single-pass absorption of X2 has been measured and, during X3 low field
side launching in plasmas preheated by X2 CO-ECCD, full single-pass absorption has been
measured as well. In this paper, X3 absorption measurements with the recently installed top
launch injection system is analyzed. The X3 ECH allows heating at plasma densities signifi-
cantly higher than the X2 cutoff. With these higher density plasmas, additional electron-ion
coupling must be taken into account in the MECH-DML analysis. In this model, the power
balance equation contains a term describing the energy transfer between electrons and ions.
The influence of these effects are discussed by modelling the power balance equation and pre-
liminary X3 top launch absorption measurement are presented.

2. Experimental configuration and frequency response of the DML

The typical ohmic target plasmas and the launching
geometry are shown in the figure 1. Two X3 beams are
injected from the top launcher of TCV. The launching
mirror allows to adjust the poloidal injection angle in
real-time to optimize the absorption.The target plas-
mas have major radius m, minor radius

m, elongation , triangularity
, toroidal field T and plasma

current  kA.
Figure 1 : X3 beam tra-
jectory following the
cold resonnance (dashed
line). The circular
dashed line is the q = 1
surface
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The DML is a 1-turn loop fixed on the vessel encircling it
poloidally. in order to measure the diamagnetic flux, com-
pensations are needed. The achieved frequency response
of the DML of up to 1 kHz was obtained by a second order
analogue compensation of the vessel image currents; with-
out this, the bandwidth of the diagnostic would be limited
to around 30 Hz which is given by the decay time constant
of the vacuum vessel current. This large bandwidth,
together with the negligible poloidal flux contribution to
the DML flux modulation, allows a direct interpretation of
the signals without requiring additional data analysis. As
described in [1], these effects can be summarized in a sys-
tem of three equations relating the voltages on the DML,
on the compensation loop CL (Figure 2) and the diamag-
netic flux ∆φ itself. The diamagnetic flux is obtained
through a hardware and digital treatment of these signals.
The relation between the modulated diamagnetic flux and
the modulated plasma energy is given in Fourier space by

,

The Shafranov integral terms contributing to the plasma energy can be neglected, since as
shown in [1], they do not contribute to the modulation part of the plasma energy.

3. Dynamic response with electron-ion coupling

In reference [1], only the global power balance of the electrons was considered. The electron-
ion coupling was negligible because of the temperature difference between electrons and ions
and the operating densities were such that the two populations could be considered as uncou-
pled. Since the ECH waves couple to the perpendicular momentum of the electrons, a term
describing the pitch angle scattering is included in the power balance equation. The analysis
has shown that for these ECH discharges, the plasma can be considered as being isotropic. In
reference [1] and for the optimum modulating frequency of 237 Hz, the plasma can be con-
sidered as being isotropic and transport effects can be neglected. In the present paper, the
model is implemented by including a term which describes the electron ion coupling. for the
same reason as before, the pitch angle scattering on the electrons can also be neglected. Under
these assumptions, the power balance equation can be written as:
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Figure 2 : The DML fixed around
the vessel and the compensation
loop CL above the vesselW̃
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Wi is the ion energy, We the electron
energy, POH the ohmic power and PRF
the ECH power. The energy confinement
time of the electrons takes into account
the heating power dependence by [2]

. The ion energy
confinement time τi is kept constant. The
global equipartition time is given by [3]

,

where is a volume average of the
corresponding quantity, mi the ion mass,
me the electron mass, Te the electron tem-
perature and ne the electron density. The
volume averages are taken on a circular
plasma and assume parabolic tempera-
ture and density profiles. The power bal-
ance equations are linearized with respect

to the modulated RF power around

an equilibrium point defined by the aver-
age input power POH0 + PRF0. The Fou-
rier transformation of the linearized system allows to write this system of equations as:

where H is the complex transfer function and is

the total energy. In Figure 3, the amplitude and phase of the complex transfer function H are

shown. The asymptotic limit is defined by . For a density of 5x1019 m-3 the

total amplitude (Hion+He) stays lower than the asymptotic transfer function 1/ω. This means
that, if the asymptotic limit 1/ω of the transfer function is used, the measured power absorp-
tion is underestimated if no ion-electron coupling is considered.

4. Preliminary results

The DML measurements are compared with the linear ray-tracing absorption code TORAY-
GA. The experimental configuration is shown in Figure 1, while the most relevant traces are
shown in Figure 4. Two X3 beams carrying 450 kW each are injected from the top of TCV
during 1.1 s. Only one of the power sources is modulated at a frequency of 237 Hz during 350
ms. The absorption predicted by TORAY-GA is of 40 %, while the DML measurement results
in 65 %. We believe that the discrepancy is to be found in the accuracy of the ray-tracing cal-
culation, which is based on the equilibria calculated by the magnetic reconstruction code
LIUQE. This effect together with other effects like diffraction and/or hot plasma effects are

10
0

10
1

10
2

10
3

10
4

10
−6

10
−4

10
−2

10
0

A
m

p
li
tu

d
e

transfer functions for n
e0

 = 5x1019 m−3

τ
i

τ
ei

τ
e ν = 237 Hz

H
e

H
ion

H
ion

+H
e

1/ω

10
0

10
1

10
2

10
3

10
4

−100

−80

−60

−40

−20

0

p
h

a
s
e
 [

d
e
g

]

Frequency [Hz]

τ
e
 = 3 ms  ; τ

ei
 = 7 ms  ;  τ

i
 = 15 ms  

Figure 3 : The phase and amplitude of the transfer func-
tion calculated with a Zeff = 2 and an ECH power of 1
MW. Zeff = 2 means that the ionic density is equal to 70
% of the electron density
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presently investigated. More details on experimental results during X3 ECH on ohmic target
plasmas can be found in [4]
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Figure 4 : Temporal traces of a
typical shot with X3 MECH.
From top to bottom: ECH power,
soft-X ray emission, DML signal
and Thomson maximum electron
temperature.
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