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The accuracy was such that it was possible to distinguish between different
theoretical expressions for the optical depth. In general, theory and experiment
were in good agreement. The direct measurement of the absorption coefficient
was a major step because it gave an unequivocal confirmation of the underlying
theory of ECE at least for the conditions of the experiments undertaken.

Attempts were also made to measure the electron density by measuring the
emission in optical gray/thin harmonics (i.e., [26]). These measurements are
complicated by reflections of the radiation in the plasma containing chambers. It
has never been possible to achieve a completely effective radiation dump.
Nevertheless, by modeling the wall reflections, estimates of the electron density
have been obtained and these have compared well with those made by other
means.

In parallel with the instrumental and experimental work there was continual
theoretical development. There are many effects that have to be taken into
account for a full treatment of ECE. Finite density effects can give rise to
resonances and cut-offs that can affect propagation, and at high densities they
affect the basic emission through dielectric effects. They can also couple the
polarisation to the direction of the magnetic field. Unfortunately this has the
effect of destroying the possibility of measuring the poloidal field from a meas-
urement of the direction of polarization of the radiation except at the plasma
edge but there the magnetic field is already well known. For temperatures
>5 keV the simplified expressions for the absorption coefficient become
inaccurate and more complicated formulae are needed. Electron cyclotron
emission and absorption are resonant phenomena, both in frequency and space,
and under some conditions the WKB approximate can break down requiring a
full wave treatment. There can be coupling of the electromagnetic waves of ECE
to electrostatic Bernstein-like modes and this can lead to additional diagnostic
possibilities (Sec. 5). Possible nonlinear effects, for example diffusion of the
electron distribution in velocity space induced by the presence of waves have to
be considered. Since it was known from the experiments that non-thermal, i.e.
non-Maxwellian electron velocity distributions can occur, the presence of such
populations has to be considered. It is not possible to uniquely determine the
electron distribution function from a measurement of the ECE, but a fit forward
approach is in principle possible and requires the development of codes that can
handle non-Maxwellian distributions. In general, reflections of the radiation
cannot be eliminated in the experiments and so models of the combination of the
plasma inside a reflecting chamber are needed. Codes that take all these effects
into account are obviously substantial undertakings requiring significant com-
puting power to run. Fortunately, giants of theory such as Bornatici, Englemann,
Fisch, Giruzzi, Harvey, Tamor, Westerhof and others were attracted by the
challenges and worked steadily to improve the theoretical basis. A comprehen-
sive review of the early theoretical developments was published by Bornatici
et al [1]. For later treatments the reader is referred to the many excellent papers
presented at the EC workshops and the papers cited therein.
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The combination of the instrumental and technique development, and the
development in the underlying theory, meant that by the mid 1980s there was a
high level of confidence in measurements of ECE to provide reliable informa-
tion and especially the electron temperature with space and time resolution.
Many comparisons of profiles measured by ECE were made with profiles meas-
ured by Thomson scattering and in general good agreement was obtained
(Figs. 6 and 7) [33,34].
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Figure 6. Comparison of independent measurements of the profile of the electron temperature
measured by ECE (radiometer (O-mode fundamental) and Michelson interferometer (second
harmonic e-mode)) and Thomson scattering [after [33], (1985)].
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Figure 7. Comparison of measurements of central electron temperature measured by ECE and
Thomson scattering on TFTR for pulses which had only ohmic heating during the period 1992-94
(after [34]).
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Figure 12. 2D images of the sawtooth crash indicated in the T, time trace at z = 0, R = 191 cm [after
[471, (2006)1.

One sign that a diagnostic has reached maturity is when the measurements
that it generates are used to control the plasma. In such cases the performance of
the plasma is effectively being entrusted to the diagnostic. Measurements of
ECE give Ty(r,1) in real time and so are well suited to be used in feedback loops
and there have been several such applications recently. For example, Zerbini
et al have used ECE measurements of the gradient of the electron temperature to
control the amount of additional heating power injected in the plasma (neutral
beams or ion cyclotron heating) and thereby control the formation of an internal
transport barrier (ITB) [49]. The performance of the plasma is significantly
changed by the existence of an ITB and so by this method the performance of
the plasma comes under real time control. In another example, internal MHD
modes are suppressed by localized heating and current drive from a high power
gyrotron [50]. The ECE measurements are used to ensure that the ECRH power
is deposited exactly on the spatial profile of the mode.

The fusion community is now preparing for ITER and it is planned that a
substantial ECE system will be included in the ITER diagnostic set. In several
ways ECE is well suited to diagnosing reactor grade plasmas. It operates in a
wavelength range where it will be straightforward to ensure that the plasma
facing components (antennas) will be rugged and not damaged by the plasma,
and the signal beams can be easily transported to the remotely sited
spectrometers and detectors. It produces real time measurements and these
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measurements can be made steady state if needed. On the other hand, the
relatively high temperatures of the ITER plasma (up to 30 keV) will mean that
the spatial resolution will be degraded due to the enhanced relativistic
broadening and, for the ITER plasma, the harmonic overlap will restrict the
region of the plasma that can be probed (Figs. 13 and 14) [51-53]. A significant
technical challenge will be to develop a broadband, large area, radiation hard
calibration source that can be mounted in the vacuum vessel at the front end of
the system. Work is already in progress on the development of the calibration
source, the design of the system and the integration of the front-end components
into an ITER radial port.

S158 ITERIAM3  $183 ITERIAM3

35

T(0)
30 T(0)
25
20 a ‘\\
=15 \ \
£ 1
e 10} | 4
2 ﬂ \
a
g 5 H N\ ; t \\
g \ i, >
F 2 T(0)
S T(0)
g 25 X\
& \ h
20 ‘\ \
5 ! N
1 Y 3
10 ‘\ \ ‘\ \\
\ VN
5 \ \ [
0 N : > ..\“’m ' >~ \\\‘“
500 1000 500 1000

Frequency (GHz)

Figure 13. X-mode (top) and O-mode (bottom) emission spectra, with (solid) and without (dashed)
reflections, for the ELMy H-mode (left) and Reverse Shear case (right). The reflection coefficients

were 0.45 (same polarisation) and 0.15 (cross- polarisation), respectively. ELMy H-mode [after [51]
(2001)].
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Figure 14. Overview of the X-mode (Left) and O-mode (right) emission characteristics. The hori-
zontal bars represent the width of the emitting layer. The vertical bar indicates the extent of the
optically thick region. The vertical line indicates the magnetic axis. ELMy H-mode case [after [51]
(2001)].

8. Summary and Concluding Remarks

ECE has been at the centre of fusion research since almost the beginning of
studies on fusion energy. It entered in a high profile way. Predictions of the
power loss due to ECE showed that it could be a threat to economic operation of
fusion reactors, especially for the high temperature DD reactors that were
originally envisaged. It has kept this high profile ever since but for different
reasons. The early measurements gave unexpected results and challenged the
theorists and experimenters. 10-15 years of vibrant research followed and
eventually led to highly developed measurement instrumentation and a good
theoretical basis. This unleashed the diagnostic potential and applications and
advances flowed copiously. In some cases, the performance of the plasmas is
now entrusted to measurements of the emission through real time plasma
control. Almost everything is in good condition except for the unexplained
discrepancy between the ECE and the Thomson scattering measurements of T,
that occurs under high power auxiliary heating conditions. It now seems certain
that this is not an instrumental effect or a measurement error: the origin of the
discrepancy lies in the plasma. The unraveling of this will be the next major
advance in ECE and could have implications for fusion science generally since
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it probably goes to the very heart of how the main constituents of the plasma
interact. Going forwards, ECE is well placed to play a major role in the
diagnosis and possibly the control of the next generation of fusion devices and
especially reactor grade plasmas such as ITER. The topic is as rich now as it has
ever been in terms of challenge and opportunity. It is remarkable that it could
have maintained this position for so long and this, in turn, is a credit to all the
many excellent researchers who have used their ingenuity and creative energies
on ECE.
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