Investigation of 7, measurements discrepancies between ECE and Thomson
diagnostics in high-performance plasmas in JET
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Abstract. For high-temperature JET and TFTR discharges, electron cyclotron emission (ECE) measurements
of central electron temperature were systematically found to be up to 20% higher than those taken with Thom-
son scattering. In recent high-performance JET discharges, central 7, measurements, performed with LIDAR
Thomson scattering and the X-mode ECE interferometer, have been studied in a large database, including
deuterium (DD), and deuterium-tritium plasmas (DT). Discrepancies between 7, measurements have been ob-
served outside of the experimental uncertainties. ECE measurements, at high 7, have been found to be higher
or lower than those of LIDAR, depending on the specific plasma scenario. In addition, discrepancies between
the peaks of the second and third harmonic ranges of the ECE spectrum have been interpreted as evidence
for the presence of non-Maxwellian features in the electron distribution function. These comparisons seem to
suggest that such features can be found in most of the high-performance scenarios selected in this JET database.

1 Introduction

Measurement of electron temperature (7,) is one of the
basic diagnostic requirements of any fusion experiment.
Among the most common techniques used to evaluate
T,, are electron cyclotron emission (ECE) [1] and inco-
herent Thomson scattering (TS) [2], both of which have
been widely employed in a variety of experiments for
many decades. Despite the extensive experience operat-
ing these diagnostics and analysing the data they produce,
it is known that values of T, measured using ECE and
TS can diverge substantially in some specific conditions.
This was first observed on TFTR [3, 4] and on JET [5].
In pulses heated with neutral beam injection (NBI) and
ion cyclotron resonance heating (ICRH), at high tempera-
ture (7.>4-5 keV), it was found that ECE measurements
of core T, were systematically higher (up to 20%) than
those taken using TS. In high 7, pulses at JET in 2004,
ECE spectra in mainly extraordinary (X) mode polarisa-
tion showed higher second harmonic (X2) peak tempera-
tures than the ones in the third harmonic (X3) range. At
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the same time, however, X3 peak temperatures showed
good agreement with TS measurements [6]. But due to the
high optical thickness (7) of these plasmas in the third har-
monic range and assuming a Maxwellian electron energy
distribution function (EEDF), the two harmonics should
match well. It has been proposed [7, 8] that the discrep-
ancies between ECE and TS measurements, together with
the anomalous ECE spectra, could be explained by a dis-
tortion of the EEDF in the bulk energy range, that is to say
at energies close to the thermal energy of the core elec-
trons. ECE and TS, in fact, operate based on different
physical principles and respond differently to distortions
of the EEDF. ECE measurements are particularly sensitive
to the shape of the distribution function, with the absorp-
tion coefficient depending from the derivative of the EEDF
[9]. To this point, no physical explanations for such EEDF
distortions have been clearly identified yet. When a set
of very similar experiments was repeated at JET in 2006,
however, no discrepancy between ECE and TS, nor hints
of non-maxwellian ECE spectra, were observed [6, 10].
A possible explanation was found in the higher hydrogen
(H) concentration used in the 2006 pulses. In the inter-
vening years, in fact, the lower limit of allowed hydrogen
concentration at JET had been increased to reduce fast-ion
losses that had been found to risk damage to the vessel



walls. Higher H concentration affects the power distribu-
tion of ICRH between H and D ions and is believed to
have reduced the temperature of the high-energy tail of the
hydrogen ion distribution [6]. No more discrepancies be-
tween ECE and TS were observed in high-temperature (7,
up to 8 keV) experiments at JET from 2006 to 2018. Sim-
ilar results were also obtained in experiments at Alcator
C-mod. In plasmas heated with various configurations of
ICRH, no discrepancy between ECE and TS was reported
even though 7, up to 8 keV was reached [11]. From these
experiments, it was concluded that these effects are not
simply related to high electron temperatures, but must be
influenced by other causes as well. Discrepancies between
ECE and TS have instead been recently observed in very
high-temperature (7, up to 14 keV), EC heated pulses on
FTU [12]. There, TS temperatures were found to greatly
exceed ECE measured ones (up to 50% higher) in phases
where T,>8 keV, while they agreed inside the experimen-
tal uncertainty for lower temperatures.

The discrepancy between ECE and TS is extremely
relevant for next-generation experiments such as ITER and
future reactor-like devices. Accurate and consistent mea-
surements of electron temperature are necessary both for
physics studies and for the operation of a commercial fa-
cility. The fact that discrepancies between TS and ECE,
supposedly two of the best understood and established di-
agnostic techniques in plasma physics, appeared in some
of the most reactor-relevant experiments realized until
now, including in the few experiments that used duterium-
tritium (DT) mixtures, makes the problem even more im-
portant. In the past years, JET has worked to develop
high-performance plasma scenarios after the installation
of the ITER-like wall [13]. These efforts have culminated
in the first experimental campaign using DT fuel since al-
most thirty years, which has marked a new record in gen-
erated fusion energy. This occasion presented an excellent
opportunity to investigate the issue of ECE-TS discrepan-
cies. For this, the core temperature measurements on JET
have been collected in a large database, that covers differ-
ent plasma conditions and isotopic compositions including
DT plasmas. Study of this database highlighted different
behaviours for various plasma scenarios. For 7,>5 keV,
cases with T, gcg > T, rs and with T, gcp < Ters have
both been observed. Related ECE spectra seem to display
features that could be attributed to the presence of EEDFs
with non-Maxwellian characteristics.

Section 2 of this paper contains a description of the
main diagnostics used to measure the core electron tem-
perature at JET. Section 3 describes the criteria used to
build the discharges database and the main characteristics
of the scenarios to which the selected pulses belong. In
Section 4, the observations based on the temperature mea-
surements collected in the database are discussed. Finally,
Section 5 summarizes the results and anticipates some of
the work currently in progress.

2 Core T, diagnostics at JET

Various choices are available for both ECE and Thomson
diagnostics at JET. The standard ECE diagnostics avail-

able at JET are two Martin-Puplett interferometers [14]
and one radiometer [15] observing the plasma through hor-
izontal lines of sight, close to the vessel midplane (see Fig-
ure 1). The two interferometers collect radiation mainly
of the ordinary (O) and extraordinary (X) wave mode, re-
spectively. Both interferometers are absolutely calibrated,
through the use of in-vessel sources over a wide spectral
range (50-500 GHz). The temperature profiles (60 Hz ac-
quisition frequency) can cover both low and high field side
(LFS and HFS) of the tokamak (limited by harmonic over-
lapping for the X-mode) for the large range of the toroidal
magnetic field available at JET (1.7-3.8 T). The spectral
resolution is 3.66 GHz, corresponding to about 10 cm
around the plasma axis. The 96-channels ECE radiome-
ter is one of the main diagnostics used to study tempera-
ture fluctuations at JET, thanks to its high radial resolution
(~2 cm) and acquisition frequency (from 5 to 200 kHz).
The radiometer provides measurements on a range of fre-
quencies that is changed pulse-by-pulse to follow to the
plasma radial profile for X2 emission. Due to the different
available configurations of mixers that can be selected to
cover JET profiles at various magnetic field settings, the
radiometer is cross-calibrated against the ECE interferom-
eter on a pulse-by-pulse basis.
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Figure 1: Lines of sight of the main electron temperature
diagnostics on JET.

JET is also equipped with a high resolution Thomson
scattering system (HRTS) [16, 17] and a LIDAR Thom-
son scattering diagnostic [18-20]. Both diagnostics are in-
dependently calibrated. LIDAR Thomson scattering pro-
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Figure 2: Plasma current (/,) and toroidal field B; of
database points corresponding to flat-top phases for each
pulse.

vides density and temperature profiles covering the plasma
LFS, core, and part of the HFS. The laser has a repetition
frequency of 4 Hz, and every spatial point covers about 7
cm radially. HRTS provides better temporal (20 Hz) and
spatial resolution (2 cm) compared with LIDAR. One of
the main strenghts of HRTS is the excellent coverage of the
plasma pedestal. However, as shown in figure 1, its line of
sight is positioned slightly below the equatorial midplane
of the JET vessel and is directly slightly downward. For
this, in the majority of JET configurations, HRTS is lim-
ited to the LFS profile and does not manage to fully reach
the plasma core, usually stopping at p>0.2 in normalized
radial coordinates. Since the effects described in this work
have been mostly observed in proximity to the plasma axis,
HRTS was excluded from the analysis.

Also measurements from the ECE radiometer have not
been included in this study. Due to the relatively low repe-
tition rate of LIDAR, in fact, the high temporal resolution
of the ECE radiometer is not necessary for comparing the
two techniques. Furthermore, the radiometer does not al-
low comparison of second and third harmonics. In conclu-
sion, the diagnostics that will be referred to in the rest of
the paper for ECE and TS measurement are the X-mode
ECE interferometer and the LIDAR Thomson scattering
system respectively.

3 Pulse selection for the database

ECE and TS measurements have been compared for pulses
from several JET campaigns from 2018 to 2022. These
experiments include DD and DT plasmas covering a va-
riety of high-performance plasma scenarios, designed to
demonstrate high fusion power for about five seconds with
the ITER-like wall. The two main ones are the so-called
baseline and hybrid scenarios. The baseline scenario em-
ploys high field (2.8-3.5 T), high current (3-4 MA) and
high density (7-11 x10”m=> in the core), using pellet
injection to control edge localised modes. The goal is
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Figure 3: Electron density (n.), and temperature (7,) of
database points corresponding to flat-top phases for each
pulse.

to reach stable, high-performance conditions similar as
to what is foreseen for the standard ITER scenario [21].
Some DD pulses in this category included various lev-
els of Ne seeding to improve confinement through con-
trolled edge radiation. Hybrid pulses work at high field
(3-3.9 T) but lower current (2-2.8 MA) compared to base-
line ones, aiming for high 8 operation. The particular cur-
rent profile developed for these pulses (gos > 3, g9 >
1) strongly reduces the occurrence of deleterious MHD
modes in the plasma flat-top phase [22]. During the DT
experiments, some of these pulses were designed to op-
timize non-thermal fusion reactions, with T-rich plasmas
heated by D-only NBI. Finally, the database also includes
pulses belonging to experiments exploring advanced sce-
narios, studying internal transport barriers, energetic par-
ticle modes and afterglow [23].

For each pulse, LIDAR times were selected where the
laser energy was above 0.4 J and T,>1 keV. For each of
these points, the closest ECE time, with a maximum dif-
ference of 10 ms, was identified. ECE spectra were con-
verted into radial profiles using a magnetic reconstruc-
tion based only on magnetic measurements with no fur-
ther constraints. For each ECE and LIDAR T, radial pro-
file, a representative value of the centre is determined by
averaging the measurement points included between 2.85-
3.15 m. This averaging window helps to smooth out the
effects of the different lines of sight for the two diagnos-
tics (see Figure 1) and the uncertainties in the localization
of the plasma axis position. The values used to compare
the second and third harmonics of the ECE spectra were
calculated averaging T, in the interval +/- 5% around the
frequency corresponding to the plasma centre according to
the equilibrium reconstruction.

The points that make up the database cover the evolu-
tion of the pulses from ramp-up to ramp-down or disrup-
tion. During the flat top phase for these pulses, the combi-
nations of toroidal magnetic field (B,), plasma current (/)
and electron density (n,) and temperature (7,) covered by
the different scenarios are shown in Figures 2 and 3 re-
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Figure 4: Comparison of central ECE and LIDAR temper-
atures in DD pulses.
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Figure 5: Comparison of central ECE and LIDAR temper-
atures for DT pulses.

spectively. Each point corresponds to a LIDAR time in-
cluded in the database. These pulses were heated via NBI
and/or ICRH. The maximum heating power reached was
38.5 MW, in some of the hybrid pulses. In the following,
only pulses with 7, > 5 keV in the core. will be discussed.

4 Discussion

The central averages of T, for LIDAR and ECE, calculated
as detailed in Section 3, have been compared, separating
DD pulses from DT pulses. For the DD pulses, in Figure 4,
T.ece and T, ;;p are quite similar for most pulses. How-
ever, it is possible to distinguish significant differences
comparing the different scenarios. Baseline pulses with Ne
seeding, in particular, appear to have T, gcg > Te rip, SIM-
ilar to what was observed in past experiments at JET and
TFTR [4, 5], even though to a lower extent. A clear dif-
ference is visible between these baseline pulses and those
with no Ne seeding, and even more when they are com-
pared with the hybrid pulses. A similar situation can be ob-
served for DT pulses in figure 5. Here the largest discrep-
ancies (T, r;p > T.gcr) are observed for hybrid pulses,
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Figure 6: Comparison of peak temperatures for second and
third harmonics X-mode in DD pulses.
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Figure 7: Comparison of peak temperatures for second and
third harmonics X-mode in DD pulses.

and especially T-rich experiments, while baseline pulses
tend to remain closer to T, 1jp = Te gcE-

The discrepancies between T,p;p and T, pgcg have
been suggested to be related to the presence of non-
Maxwellian features in the EEDF [7]. This explanation is
consistent with the higher X2 peak temperature, compared
with X3 and Thomson scattering diagnostics, observed for
some of these pulses. In figure 6, we can observe that, as
expected, for low T,, X3 peak temperature is consistently
lower compared with X2. This is due to the low 7y3 at
these points. With increasing temperature, however, Tx3
increases and, in presence of a Maxwellian EEDF, T, x3
should approach T, x,. In this case this seems to happen
only for a fraction of the baseline and hybrid pulses while,
in the rest of the points, T, x3 remains consistently below
T, x> even at very high T,. Also for the DT pulses, only
some pulses display 7, x3 ~ T.x2, as shown in Figure 7.
In this case however, the different scenarios remain rather
well separated. In particular the T-rich pulses display the
best agreement between second and third harmonic at high
T.. This increased uniformity in each scenario is due to
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Figure 8: Ratio of ECE and LIDAR measurements (a) and ratio between the peaks of X2 and X3 emission (b) as a function

of the vacuum magnetic field B,,,.

the fact that almost no time was dedicated to scenario de-
velopment in the DT campaign, in order to minimize the
consumption of nuclear fuel and neutron budget. As a con-
sequence, the parameters of each discharge changed little
for a given scenario.

A possible explanation for T,x3 < T,x» that does
not imply the existence of non-Maxwellian features in the
EEDF, is the presence of errors in the calibration of the
ECE interferometer, in particular affecting the comparison
of second and third harmonics. In this case, different ratios
of T, x3/T. x> would be related only to changes in the mag-
nitude of the magnetic field of the various pulses. While
no in-vessel calibrations have been possible since 2018,
the properties of the instruments were constantly moni-
tored regularly repeating in-lab measurements on a cold
(liquid N;) and a room temperature source. These mea-
surements have been used to correct for changing sensitiv-
ity of the diagnostic, greatly improving agreement of the
ECE profiles with those produced by LIDAR and HRTS.
Concerning the measurements in this database, Figure 8a
shows that the ratio between LIDAR and ECE measure-
ments (limited to T7;p > 4keV) is not correlated with the
vacuum magnetic field (B,,). Figure 8b, instead, shows
the ratio between second and third harmonics against By,,.
Here, it can be observed that, while most of the points for
baseline pulses that reach Tx3 ~ T, are concentrated at
Byae ~3.3 T and higher, similar examples can be found
also for cases around ~2.8 T.

5 Conclusions and prospects

A very large database of 7, measurements (more than
14000 time points from 246 discharges) was collected
from high performance DD and DT pulses performed at
JET. These include a variety of plasma conditions and dif-
ferent scenarios, some of which were tested using DT mix-
ture for the first time. These measurements, taken with

LIDAR Thomson scattering and an X-mode interferom-
eter, showed discrepancies when high T, were reached.
Differently from what had been observed in the previous
studies of this kind [3-5], here the discrepancies were
less pronounced and, most importantly, they were not
only in the direction of Tgcg > Tpp for high T,. In
fact, a richer phenomenology was observed, including also
Tece < Tpp, with different scenarios showing differ-
ent behaviours. Comparison of the peaks of the second
and third harmonics of the ECE spectra suggests the pres-
ence of non-Maxwellian features of the EEDF for most
of the pulses in this data set. Even for plasma conditions
where Ty3 was large enough to have Tx, ~ Tx3, in fact,
Tx» > Tx3 was observed instead in many pulses.

The possibility that EDF distortions could result in
different measurements from ECE and Thomson diag-
nostics can be investigated using simple models that ap-
plies an arbitrary perturbation in velocity space to a
Maxwellian EEDF and then calculating the resulting ECE
spectrum. Such a study, employing a bipolar distor-
tion of a Maxwellian EEDF, comparing the results of the
model with the experimental measurements presented in
this database, obtained promising results [24]. However,
at the moment, a clear physical cause for EDF distortions
which could give rise to these discrepancies has not yet
been identified. Several hypothesis have been suggested
and are being investigated, including, for example, effects
related to the fast ion population (high NBI/ICRH power
and DT fusion reactions). The ions could interact with the
electron population directly through collisions or through
the excitation of MHD modes (such as Alfvén modes)
that can then transfer energy to the electrons. The lat-
ter possibility is being investigated via gyrokinetic sim-
ulations for parameters approaching those of some cases
included in the database. The database presented in this
work could be further expanded by the inclusion of other
diagnostics. For example equilibrium reconstructions that



included constraints from more sources (such as ion and
electron temperature and density) would allow better com-
parisons between diagnostics with different lines of sight,
such as HRTS. Furthermore, data from the second ECE
interferometer on JET, collecting emission predominantly
in O-mode, will be added to the database. Finally, JET
is equipped with an oblique ECE system which collected
data for some of the pulses included in this work. Pro-
cessing these data could result in another way to obtain
information on the EEDF.
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