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The present paper is dedicated to the study of the discrepancies encountered in electron temperatures (7,) measurements
carried out with Electron Cyclotron Emission (ECE) and Thomson Scattering (TS) diagnostics in the core of the JET
tokamak. A large database of discharges has been collected, including high-performance scenarios performed with
Deuterium only and Deuterium-Tritium mixtures. Discrepancies have been found between core 7, measurements taken
with an X-mode ECE interferometer (Tgcg) and a LIDAR TS system (Tz;p) for T, > 5 keV. Depending on the plasma
scenario, Tgcr has been found to be systematically higher or lower than 77;p. Discrepancies have also been observed
between the peaks of the ECE spectrum in the second (X2) and third (X3) harmonic domains, even in high optical
thickness conditions. These discrepancies can be interpreted as evidence of the presence of non-Maxwellian features in
the electron energy distribution function (EEDF). In order to investigate the relation between the shape of the EEDF and
the measured discrepancies, a model for bipolar perturbations of Maxwellian EEDF has been developed. The model
allows analytical calculations of ECE absorption and emission coefficients, hence the comparison of modelled ECE
spectra with experimental data. The different experimental results observed for the various JET scenarios have been
found to be qualitatively reproducible by adapting the model parameters, suggesting that bipolar distortions of the bulk

EEDF could play a role in giving rise to the reported discrepancies between ECE and TS measurements.

I. INTRODUCTION

Reliable and precise measurements of the electron temper-
ature (T,) in a fusion plasma experiment represent a neces-
sary condition both for contemporary research and for future
reactor-like devices including commercial facilities. Some of
the most used techniques for measuring electron temperature
in the plasma core are Electron cyclotron emission (ECE)!
and incoherent Thomson scattering (TS)?. They have been
used in most of tokamaks and stellarators in the last several
decades. In spite of the large body of experience accumulated
in the use of these techniques, discrepancies between their T,
measurements have been reported in high temperature toka-
mak plasmas in multiple machines.

The discrepancies in question were first observed in the
1990s on TFTR3* and on JET?. On both machines, the core
electron temperature measurements taken using ECE were

¥See the author list of ‘Overview of JET results for optimising ITER op-
eration’ by J. Mailloux et al. to be published in Nuclear Fusion Special is-
sue: Overview and Summary Papers from the 28th Fusion Energy Conference
(Nice, France, 10-15 May 2021)

found to be up to 20% higher than those taken with TS at
high temperatures (T,>5 keV). This was observed in pulses
heated with neutral beam injection (NBI) and ion cyclotron
resonance heating (ICRH). In 2004, at JET, core ECE tem-
peratures, calculated from the second harmonic domain of
the extraordinary mode ECE spectrum (X2), were found to
be higher than their TS counterparts, when in core T, was
high enough (T.>5 keV). On the contrary, core temperatures
deduced from the third harmonic domain (X3) remained in
good agreement with the TS measurements when the optical
thickness was sufficiently large (tx3 > 3). This was unex-
pected, since the radiation temperature measured with sec-
ond and third harmonics should match well if the plasma is
optically thick and it is considered that the electron energy
distribution function (EEDF) is Maxwellian. This mismatch
was interpreted as a hint of the possible presence of non-
Maxwellian features in the EEDF, which would affect the T,
measurements obtained from different ECE harmonics in dif-
ferent ways. In 2006, very similar experiments to those of
2004 were repeated at JET where the H concentration was in-
creased from 3% (in 2004) to 8% (in 2006) in order to reduce
ion losses and consequently the risk of damage to the vessel
walls. No discrepancy between ECE and TS nor differences
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between peak X2 and X3 ECE measurements were observed
in those cases®’. The impact of the different H concentra-
tion on the distribution functions of the resonating ions was
evaluated using the PION code®, which considers the effects
of ICRH coupling to the neutral beam generated fast deuteron
population. This analysis showed a clear reduction in the tem-
perature of a small population of high-energy hydrogen ions
with the increased H concentration®. It is reasonable to as-
sume that the interaction between the hydrogen ions and the
electrons led to different effects on the EEDF in the two cases.

Conflicting evidence was found at other tokamaks. At Al-
cator C-mod, a study reported comparable ECE and TS tem-
perature measurements up to T, = 8 keV. The plasmas in these
experiments were heated using exclusively ICRH in different
configurations®. The results of this work seem to indicate that
the discrepancies might not just be caused by high T,, but
other factors could be playing a role. In other experiments at
FTU, it was instead observed that, for very high temperatures
(T, > 14 keV) TS measurements were found to reach values
up to 50% higher than ECE ones, opposite to what had pre-
viously been observed in JET and TFTR. The discrepancies
appeared for core electron temperatures T, > 8 keV, while the
two measurements generally agreed for lower temperatures.
These experiments exclusively used EC waves for heating!°.

It is well known that the ECE spectrum is disturbed by the
presence of suprathermal electrons, such as those generated
during lower hybrid current drive(LHCD) experiments. In
the case of perpendicular observation, this typically results in
enhanced emission measured on the low field side, optically
thin part of the ECE spectrum'!. It was suggested!>!? that
the differences in measurements, combined with the atypical
ECE spectra, could be related to a deformation of the EEDF
in the core of the plasma, specifically around energies close
to the thermal energy of the electrons. In fact, distortions of
the EEDF would affect differently ECE and TS measurements
due to the fact that the two diagnostics operate based on differ-
ent principles. ECE measurements in particular are sensitive
to the first derivative of the distribution function, for energies
close to the thermal energy, through the expression of the ab-
sorption coefficient!#. For the cases in TFTR and JET where
discrepancies have been observed, the heating methods em-
ployed (NBI, ICRH), do not directly affect the electrons dis-
tribution as it happens instead when LHCD is used. Here, we
hypothesize that the effects on the EEDF might be caused by
the interaction of the electrons with a population of energetic
ions generated by auxiliary heating (neutral beam or ion cy-
clotron heating), or with high-energy o particles, products of
D-T fusion.

In particular, there are several mechanisms that, in the pres-
ence of fast ions, can result in low-amplitude bipolar de-
formation of the EEDF . Two examples of these are colli-
sional relaxation'> and Landau damping of kinetic Alfvén
waves'6:17,

After the installation of the ITER-like wall'®, one of
the goals of JET was the development of high-performance
plasma scenarios. In 2021, these scenarios have been fur-
ther studied in D-T plasmas'®, in a set of experiments dur-
ing which a new record in generated fusion energy was

achieved”’. The D-T campaign represented a unique chance
to continue the study of the differencies between ECE and
TS measurements. With this goal, the values of central T,
from 246 JET discharges, from 2019 to 2022, have been gath-
ered in a large dataset that includes a large range of con-
ditions for D and D-T plasmas. For the high-temperature
plasmas (T.>5 keV) included in this database, various cases
were found in which ECE measurements were found to be
higher or lower than TS ones, depending on the plasma sce-
nario. Furthermore, broadband ECE X-mode spectra detected
by the JET Martin-Puplett interferometer display differences

21d and 3™ harmonics even when the latter is opti-

between
cally thick.

In order to perform a systematic analysis of these discrep-
ancies, a model was developed for bipolar distortions of a
Maxwellian EEDF. These perturbed distribution functions al-
low analytic calculations of the emission and absorption co-
efficients for electron cyclotron emission, from which the ra-
diative temperature that would be observed by an ECE diag-
nostic is predicted. These predictions are then compared with
measurements to judge the capabilities of the model to quali-
tatively reproduce observations.

In section II, the assembled JET database will be intro-
duced, including a description of the ECE and TS diagnos-
tics available at JET and the specific scenarios included in
the pulse selection. The T, measurements included in the
database are discussed and compared in section III. Section
IV introduces the model for the bipolar distortion of the EEDF
and section V compares its predictions with the experimental
observations. Finally, section VI recaps the contents of this
paper and mentions some of the next steps in studying this
database. Appendix A contains the formulas used for the cal-
culation of the absorption and emission coefficients for ECE.

II. CONSTRUCTION OF DATABASE

In order to continue the study of the discrepancies between
ECE and TS measurements, a large database of electron tem-
perature measurements from JET has been assembled from a
variety of experiments from 2019 to 2022. In this section, the
characteristics of JET core T, diagnostics are presented, fol-
lowed by a description of the scenarios and pulses included in
the database.

A. ECE and Thomson diagnostics at JET

There are two Thomson scattering diagnostic systems at
JET: the high resolution system (HRTS)?>'?> and a LIDAR
system®3>2>.The two systems have independent calibration
procedures. LIDAR provides electron density and electron
temperature profiles measured at the plasma low-field side
(LFS), and at the high-field side (HFS) partially. The laser
pulses are repeated at a frequency of 4 Hz; radial spatial reso-
lution is of the order of 7 cm. HRTS has a better repetition rate
(20 Hz) and radial resolution (2 cm), allowing good pedestal
profile measurements. Owing to its line of sight (see figure
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FIG. 1: Electron temperature diagnostics at JET: geometry of
observation. The gray square represents the horizontal range
for averaging used to calculate Tr;p and Tgcg

1), HRTS does not cover the region around the magnetic axis
and it is is limited to the LEFS profile only (p>0.2, p being the
normalised radius). For this reason, in the following, HRTS
will not be considered and only the LIDAR measurements of
the central temperature will be used.

The ECE measurements are provided by two interferom-
eters (for ordinary and extraordinary modes) of the Martin-
Puplett type?® and a heterodyne radiometer?’ observing the
plasma through horizontal lines of sight perpendicular to the
magnetic field lines along the major radius, close to the ves-
sel midplane (see figure 1). The lines of sight of the two in-
terferometers contain, at the vessel exit, a polariser that se-
lects ordinary and extraordinary mode respectively. Absolute
calibration of the interferometers is obtained placing a black-
body source (covering the range 50-500 GHz and reaching up
to 873 K) inside the vessel. The heating plate of the source
is made of stainless steel and a movable lid covered with
Thomas Keating THz RAM (Radar Absorbing Material) can
be controlled remotely to cover it, alternating high and inter-
mediate temperatures during the calibration. More details on
the sources and on the calibration procedures can be found in
the literature®®. The radiometer is instead calibrated against
the interferometers profiles on a pulse-by-pulse basis, usually
during the B-field ramp-up phase. The interferometers mea-
surements are acquired at a frequency of 60 Hz at both LFS
and HFS, limited by cutoff for the O-mode and 2"¢-3"¢ har-
monics overlapping for the X-mode. The spatial resolution
around the plasma centre is about 10 cm. For the O-mode in-
terferometer, the core of most of the high performance pulses,
except for the ones with the highest B;, was found to be in

cutoff, so its measurements have not been considered in this
study. The 96-channel ECE radiometer has the advantage of
a high temporal resolution. However, such resolution, much
higher than the LIDAR, is not useful for this study; moreover,
the radiometer is cross-calibrated on the interferometer. For
these reasons, the radiometer has not been used in this work.

1. Notes on diagnostics calibration stability

When looking at data collected over more than three years,
the consistency of the diagnostics calibration becomes a mat-
ter of great importance. For the ECE interferometer, given the
complications arising in organising in-vessel calibrations, the
stability of the calibration is also monitored more regularly us-
ing two different methods. First is the local calibration of the
instrument back-end as described in section IV.C of?°. A pair
of black body-like sources (Thomas Keating THz RAM, as for
the in-vessel calibration), at room temperature and in a bath of
liquid nitrogen respectively, are presented to the interferome-
ter input using an easily accessible laboratory antenna which
can be selected as input to the interferometer, instead of the
in-vessel antenna normally used during operation. Local cal-
ibrations of this kind are performed after every in-vessel cali-
bration providing a reference to which following local calibra-
tions can be compared to evaluate the evolution of the prop-
erties of the diagnostic back-end. This procedure only leaves
out possible changes related to the waveguides connecting the
diagnostic laboratory to the vessel and to the antenna itself.
During the D-T campaign period (Autumn-Winter 2021), lo-
cal calibrations have been performed weekly in order to en-
sure stability of the calibration. The second technique used to
monitor the ECE calibration over long period of time where
in-vessel calibrations are not feasible is the so-called B-field
ramp calibration?®. B-field scans in very stable pulses al-
low to monitor eventual frequency dependent distortions of
the ECE spectrum, allowing the correction of the calibration
factors set. Pulses of this kind are regularly produced dur-
ing the commissioning days preceding every JET campaign.
The calibration procedures for LIDAR are described in detail
in?*>. Concerning the temperature measurements in partic-
ular, the spectral channels are calibrated independently using
a white light source. This is regularly repeated before each
experimental campaign. Transmission losses between plasma
and spectrometer are instead measured using an in-vessel light
source. Further evidence of the stability of LIDAR calibra-
tion comes from regular comparison of LIDAR and HRTS
data. The two diagnostics are based on similar physical prin-
ciple but are fully independent instruments whose calibration
is measured using different tools and methods. Despite this,
they produce very similar 7, measurements over the whole
temperature range they cover. It is extremely unlikely that
they should be affected by identical systematic errors.



High T, discrepancies between ECE and Thomson diagnostics in high-performance JET discharges 4

e o Hybrid ¢ o Baseline o o Baseline + Ne A & Advanced v v Terich
4.0 12
& a b
® L]
3.8 " 10
ov B o° °
v 3
3.6 < 2 © 01 W
8 (] s Y & 9’_ PS
.ovo. ’0" 0‘." “
D
3.4 o 00 % ae — o \ ®
- m = 0°.:, %: &
= 6 o o JURR ¥ X 6 @
o =] 2 @ o
3.2 = . % . &
° 0% "8 \J <
40 ° o O &
3.0 ®e ° .3.. ﬂ?: °
oo g0 °, °.: ° LY
2| o % & oo ...
2.8 o & e 0%,
®
2.6 0
5 2.0 2.5 3.0 3.5 4.0 4 5 6 7 8 9 10 11 12 13
I, [MA] NLp [10™ m~2]

FIG. 2: a): I, (plasma current) and B; (toroidal field). b): electron core density nz;p and temperature Tz;p during flat-top phases
for pulses in the database.

B. Pulse selection for the database

The database considered here includes experiments carried
out from 2019 to 2022, including high performance regimes
both in D and in D-T'°. The high performance baseline sce-
nario focuses on plasmas at low qos ((the safety factor at 95%
of the poloidal flux), with 3<qg5<3.3, typically obtained at
high plasma current I, (3-4 MA in the database analyzed) with
B;=2.8-3.5 T. Operation at low gas fuelling in JET-ILW (JET
with ITER-like wall) is known to be beneficial to achieve high
H-mode performance, but this typically results in low ELM
frequency which is challenging for tungsten impurity control
and access to stationary conditions. The baseline scenario was
first prepared in D, using low gas fuelling and high frequency
pellet injection for ELM control which led to high perfor-
mance H-mode plasmas with stationary conditions in terms of
density and radiation?*-°. The objective was to obtain similar-
ity to the baseline ITER scenario, with Hog ~ 1 and By ~ 1.8
(By=1.5-2.2 in the database analysed), where the normalised

B is defined as By = Bz</l;>“0 “,—B’ where P is the plasma pres-
t P

sure, a the minor radius and L is the magnetic permeability

of vacuum). Some D pulses in this category used small injec-

tions of neon (Ne)?! in order to control radiation at the plasma

edge and thus improving confinement.

High performance discharges of the hybrid type were ob-
tained operating at higher qgs5 (~4.5 in the database used here)
and lower I, (2.1-3 MA, with B,=2.8-3.9 T) than in the base-
line scenario, aiming at By ~2.5-3%233. During the D-T cam-
paign, plasmas with a high T content were heated using only
Deuterium neutral beams, in order to maximise fusion power
produced by the non-thermal plasma components®’. Other ex-
periments, studying ITB (internal transport barriers) regimes,

as well as specific discharges developed to study energetic
particles, are also included in the database®*.

Restricting the analysis only to pulses where T, e > 5
keV (246 pulses), all LIDAR times were selected for which
T.>1 keV in the plasma core. For these data entries, the ECE
measurements at a time as close as possible to the LIDAR one
(less than 10 ms difference), was selected, for a total of more
than 3100 comparisons of ECE and LIDAR. Magnetic mea-
surements only have been used for equilibrium reconstruction,
in order to determine the ECE temperature profiles. For both
ECE and LIDAR, the central temperatures have then been de-
termined averaging the profiles between 2.85 m and 3.15 m.
Because of this averaging, small lines of sight differences and
uncertainties on the magnetic axis location are smoothed out.
The 2nd and 3rd harmonic central temperatures Tx, and Ty3
are instead obtained averaging the ECE spectra in the interval
+/- 5% around the frequencies corresponding to the peak for
the two harmonics, respectively.

Uncertainties for the ECE measurements are calculated by
combining the estimated errors of the calibration procedure
and the experimental measurements (see Section 4.F.2 0f20).
A description of the calculation of statistical error calculation
for LIDAR can be found in>.

The database entries correspond to the full discharge evo-
lution (ramp-up, flat-top and ramp-down), excluding times
just before disruptions. The combinations of B, I, and n,,
T, covered by the different scenarios, during the flat top
phases, are shown in figures 2a and 2b respectively. Both NBI
(Pypr < 33MW) and/or ICRH (Picry < 7TMW) heating were
used in these discharges, for a maximum power of 38.5 MW
(Pyvpr = 31.7TMW and Pjcry < 6.7MW), in some of the hybrid
pulses.
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lll. STUDY OF ECE-TS DISCREPANCIES IN THE JET
DATABASE

Using the method and averaging described in paragraph
II B, a comparison of Tgcg and Tz;p has been carried out, for
D and D-T discharges, separately. For D plasmas, on the left
side of figure 3, Tgcrp and Tp;p have close values for most
discharges. However, different scenarios have different be-
haviours. For instance, baseline discharges with Ne injec-
tion, are characterised by Tgcg > Trip, as in past observa-
tions reported for JET and TFTR*>3¢, This behaviour is dif-
ferent from that of baseline pulses with no Ne seeding, and
with those of the hybrid scenarios. An analogous behaviour
is observed for D-T discharges on the right side of figure 3b.
Here the largest discrepancies (1z;p > Tgcg) are found for hy-
brid discharges, in particular for those of the T-rich category,
whereas for baseline discharges 7;;p and Tgcg are closer.

Discrepancies are also observed between the core tempera-
tures calculated using the X2 and X3 regions of the ECE spec-
trum. In both sides of figure 4, for low T, (<4 keV), Tx3 is
consistently lower compared with Ty, owing to the low val-
ues of the optical depth Ty3 at low temperature. For higher
temperature Ty3 increases and, in a Maxwellian plasma, Tx3
is expected to approach Tx>. However, the left side of figure
4, containing D pulses from the database, shows that only a
subset of the data has this behaviour whereas, for the major-
ity of the pulses, Tx3 remains systematically below Tx, even
when the X3 optical depth is sufficiently high and the plasma
is a black body at both harmonics. The same is observed for
the D-T discharges, as shown on the right side of figure 4.
Interestingly, the behaviour of the various scenarios remains
globally different. For example, it is found that the T-rich dis-
charges at high T, are characterised by close agreement be-
tween Tx, and Tx3, while the hybrid and baseline pulses show
Tx» > Tx3. The reduced scattering in each scenario in the D-T
pulses, compared with the D sets, is related to the fact that the
pulse settings for each scenario had already been optimized
during the previous D and T campaigns and experimentation
was carried out with little scenario variety, to minimise the use
of T and, consequently, the neutron production.

The scenarios considered in this paper cover a large range
of density levels and, in some cases, can differ quite substan-
tially from one another (see figures 2a and 2b). Since it is
in principle possible that density variations might be playing
a role in the observed differences between ECE and LIDAR,
figure 5 presents histograms of the ratio Ty;p/Tgcg as a func-
tion of the central density value measured by LIDAR (nzp).
All histograms are normalised for every density bin and the
plot includes all database points shown previously in figures 3
and 4, including all scenarios together. From this, it looks like
the discrepancies between ECE and LIDAR are not concen-
trated at any particular density level, excluding a direct effect
of n,.

Another possible contribution to the explanation for the dis-
crepancy between ECE and LIDAR core measurements could
be attributed to the two different lines of sight, as shown in
figure 1. Thus, plasmas with the magnetic axis in different
positions might cause ECE and LIDAR to view the core more

or less directly, causing discrepancies similar to those dis-
cussed here. To partially mitigate this effect, T;p and Tgcg
used in the comparison in figure 3 have been obtained aver-
aging the LIDAR and ECE temperature profiles over a 30 cm
range. As is shown in figure 6, the ratio Ty;p/TrcE between
LIDAR and ECE measurements does not seem to be related
to the vertical magnetic axis position(z,y;s). For each scenario,
in fact, we can observe the whole range of Ty;p/TgcE as the
plasma axis position changes. Furthermore, the discrepancies

observed between 219 and 3™ harmonic peaks for optically
thick plasmas, reported in figure 4, are independent from the
plasma position since they are acquired using the same diag-
nostic.

Finally, The observation of differences between the ECE
and LIDAR could also be related to the presence of calibration
errors arising, for example, from drifts in instrument prop-
erties. In the time during which these campaigns occurred
in-vessel calibrations were not possible, but the behaviour
of the ECE interferometer back-end was continuously mon-
itored with local calibrations and B-field ramps, as described
in section I A 1. During the D-T campaign, in particular, lo-
cal calibrations have been performed weekly. The quality of
the calibration could also be generally monitored by the good
agreement observed in ohmic phases or, in general, in lower
T, plasmas not just with LIDAR but also with HRTS which
is, as already discussed, a completely independent diagnos-
tic. Figure 7 shows histograms for the distribution of the ratio
Trip/Teck as a function of the magnetic field for all the points
in the database, over the B range of the scenarios of interest.
No systematic deviations can be observed.

IV. MODEL FOR A BIPOLAR DISTORTION OF THE
EEDF AND ITS EFFECTS ON ECE AND TS
MEASUREMENTS

In order to understand the observed discrepancies and at-
tempt to connect them to distortions of the EEDF, a model for
a bipolar perturbation f](p) of the distribution function of the
electrons f(p) was introduced. Here p is the electron momen-
tum modulus and the unperturbed distribution function is the
Maxwellian:

fu :Ae*#(%l)7

where A is a normalization coefficient, u the ratio of the elec-
tron rest energy and the electron temperature and 7 the rela-
tivistic factor. The distribution function including the pertur-
bation may then be defined as:

F=Ae D4 p). (1)

A model perturbation characterized by bipolarity and
isotropical structure is then introduced:

T

fuu= fosin| 5 (p=po)| @
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with pg — & < p < po + 6. The perturbation is expressed as a
function of the amplitude (fy), and its localisation and exten-
sion in momentum space (po and & respectively). Two plots
in figure 8 show this perturbed distribution, where both the
localization and the amplitude of the perturbation are varied.

Figure 9 shows the structure of this distribution in
the parallel-perpendicular momentum space. Examples of
anisotropic distributions are presented in A. In the following
only isotropic perturbations will be considered.

With this class of distribution functions, the EC absorption
(@) and emission (f3) coefficients for waves propagating per-
pendicularly to the magnetic field can be evaluated analyti-
cally. In general, these coefficients are well-known integrals

in momentum space (see, for instance, Ref. 14). An example of
these formulas, derived from equations (10)-(13) of 1, for X-
mode and n>1, is reported in A. From « and 3, the so-called
radiation temperature for frequency  is given by:

Ro+a

Tua(®) = /

Rofa

B(R)exp <— /R RO+aa(R’)dR’) R (3)

R being the coordinate along the major radius and a, Ry are
the tokamak radii (minor and major respectively). In equation
3, it is assumed that the receiving antenna is on the low-field
side in the torus mid-plane (approximately what happens in
the JET geometry).
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FIG. 5: Histograms of the ratio between LIDAR and ECE
core measurements against central density ny;p for all pulses.
Histograms are normalised for every bin.

Examples of o and 3 for X2 for a set of frequencies and
parameters of the JET tokamak are shown in figure 10 together
with the corresponding radiation function:

Fraa = B(R)exp (— /RROH Ot(R’)dR’) : “)

Despite the fact that ¢ and 8 vs R have a large width, emis-
sion localisation is achieved because of the exponential re-

absorption multiplicator of  in equation (4).

The ECE resonance condition for an electron in R at the nth

harmonic with momentum p is:
_ no(R)
¥(p)

where @;(R) = eB(R)/m, is the cold fundamental electron
cyclotron resonance at R. This implies that, for a given
angular frequency , the localisation in electron kinetic
energy corresponds to a localisation in the radial profile:
E = moc*(y—1) = myc*(R./R — 1), where R, is the cold res-
onance location for ® = nw.(R;). Fy,q (see equation (4))
peaks at a different normalised momentum p/p;, (where
Pin = mevy, = (m,T,)"/?) depending on the wave mode, mag-
netic field gradient, density, electron temperature and the har-
monic considered. The temperature dependence is shown in
figure 11, where the maxima and the widths of F,,4 are plot-
ted vs T,. This figure shows that the radiation measured at
different harmonics corresponds to different ranges of the dis-
tribution function, because of the dependence of maxima and

widths on 7,. This demonstrates that emission at the 2nd and

3™ harmonic ranges is an effective constraint of the EEDF in

the range p;, < p < 2py;, in particular at high temperatures.
In figure 8, the ranges in normalized momentum to which

the 274 and 34 harmonics are sensitive, for T, = 7 keV, are

shown on top of the perturbed EEDFs. Figure 8 clearly shows
how the two harmonic domains look at regions of the EEDF
that can be differently affected by distortions in different mo-
mentum ranges, which, in the model used, is represented by
different values of the py parameter. Furthermore, because
of the overall temperature dependence, as shown in figure 11,
the same perturbation will affect the EC emission more or less
significantly, depending on the temperature.

The perturbation, in fact, affects in particular the absorp-
tion coefficient, which depends on the derivative of the EEDF
(o< df/dp.), as shown in'*: in general, due to the depen-
dence of F,,; on a (see equation (4)), the radiation tempera-
ture increases with decreasing absolute value of d f/dp, for
the resonant harmonic range. An example of this is shown
in the bottom part of figure 12, where the 7, profiles esti-
mated from the X2 spectrum are computed for 7,0 = 3 and
T,0 = 10 keV. For the same normalized perturbation param-
eters (fo = 0.03, po/pmn =1, 8/pu, = 0.25), Ty4q is signifi-
cantly enhanced for high 7o, but not affected at low T;¢, sim-
ilar to observations at TFTR and JET>>3¢. If the same pa-
rameters are used in the computation of Thomson scattering,
the effect would be negligible, because the scattered power is
just proportional to the distribution function (see, e.g.,’ and
equations (5.8) and (5.9) in*”). This is illustrated in the top
panels of figure 12, where the ECE radiation function and the
quantity that plays the same role for Thomson scattering, i.e.
the power scattered by a small plasma volume, are plotted ver-
sus the kinetic energy normalized to the electron temperature.
Clearly, the impact is completely different. This comparison
illustrates why the two 7, measurements can be different for
non-Maxwellian distributions.

V. COMPARISON OF DATA WITH PREDICTIONS OF
THE PERTURBATION MODEL

The model introduced in section IV can now be used to pre-
dict the radiation temperature spectrum for the pulses included
in the database discussed in section II B, assuming the EEDF
in the core was modified by a bipolar distortion. The predicted
spectrum is then averaged around the peaks corresponding to

the 2™ and 3" harmonic domains to obtain quantities equiv-
alent to Tx, and Tx3 as described in section IIB. In order
to calculate these quantities for any given time point, LIDAR
temperature and density measurements (7z;p, nrip, see figure
2a), and the magnetic field obtained by the equilibrium recon-
struction, are used as inputs. For each scenario and isotopic
composition, the model parameters (fy, po/psm, 0/ps) that
result in good agreement between the prediction and the data
are estimated.

In figures 13, 14 and 15, the experimental measurements
discussed in section III (Tx5, Tx3) are compared with the cor-
responding quantities calculated using the model. In the left
side panels (a), the averaged X2 and X3 peak temperatures
(predictions and measurements) are plotted against Tz;p. In
the right side panels (b), instead, Tx3 and the equivalent radi-
ation temperature predicted by the model are directly plotted
against the corresponding X2 values. The set of parameters



High T, discrepancies between ECE and Thomson diagnostics in high-performance JET discharges 8

e o Hybrid

¢ o Baseline o o Baseline + Ne

Ao A Advanced v v T-rich

0.20 0.25 0.30 0.35 0.40
Zaxis [m]

1.4

1.3¢

1.2

o N -
© =) .

TLID/TECE
L]

°
®
,

o
~

0.6

0°20 022 024 026 028 030 032 034 036

Zaxis [m]

FIG. 6: Ratio between LIDAR and ECE core measurements against the vertical position of the magnetic axis z,,;s; as calculated
by the equilibrium reconstruction EFIT for pulses in D (a) and D-T (b).
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FIG. 7: Histograms of the ratio between LIDAR and ECE
core measurements against magnetic field B for all pulses in
the database. Histograms are normalised for every bin.

used for the model in the various subsets is displayed at the
top of the figures. Error bars for the experimental measure-
ments are shown only in figure 13. The following three series
of discharges (discussed in section II B) are considered:

e Figure 13: D pulses with Neon seeding and pellets, with
good energy confinement and small ELMs>!.

* Figure 14: D-T pulses in the baseline scenario with low
gas fuelling and D pellets.

e Figure 15: D-T hybrid regime pulses.

Figures 13, 14 and 15 all show that the prediction repro-
duce well the measurements in each scenario with just a
<5% distortion of the EEDF, centred at different values and
with different widths in normalised momentum. Good agree-
ment between predictions and Ty3 is found also when Tx3
is low (T, < 4 keV). In the D baseline case (figure 13), Tx3
is found to be closer to LIDAR data than Ty, which is in-
stead substantially higher, implying a distortion mainly in
the thermal domain (as in the figure 8a). Accordingly, good
agreement between model prediction and data is found for
[po/pin,0/pm] = [1.1,0.5]. A similar perturbation could ex-
plain similar observations in past JET experiments>. When
looking at the hybrid D-T discharges in figure 15, instead, Tx»
tends to be comparable with 7 ;p, suggesting a distortion cen-
tred at higher energies. Indeed, for this case, good agreement
is reached with [po/psm, 8/pwn] = [1.4, 0.8].

In the database, there are cases for which the 314 byt not the
21 harmonic domains are affected. This is generally found
to happen in pulses for which at some time the only heating is
ICRH. As a particular illustration, a comparison of model pre-
dictions and data was performed for the JET discharge 96850,
in a low density (nz;p < 5 X 10" m=3) and high 7, phase.
Figure 16 displays good agreement using [po/p:m,0/pum) =
[2,1]. In general, ICRH is found to perturb the distribu-
tion function at somewhat higher velocities than NBI. For
D- T baseline and hybrid discharges, time phases in which
only NBI or only ICRH were used have been analyzed (see
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FIG. 9: Level curve representation of a distribution function
with a bipolar isotropic perturbation, versus parallel and
perpendicular momenta.

figures 17 and 18). Good agreement with data is reached using
[Po/Pins8/pin] = [1.35,0.6] and [po/pin,8/pu] = [1.7,0.7]
for NBI only and ICRH only points respectively. In the latter
case, also a stronger perturbation was used (fp = 0.05 versus
fo = 0.03). These findings could be interpreted as a conse-
quence of the different heating mechanisms of NBI and ICRH.
The two heating methods, in fact, generate ion tails with dis-
tinct characteristics, but they also have different direct effects
on electrons. ICRH in particular is expected to have a larger
effect on electrons, qualitatively justifying the choice of pa-
rameters used here. An in-depth study of the energy transfer
between ions and electrons using transport models is outside
of the scope of this paper.

The above results indicate that the position where the per-
turbation is localized in velocity is the most important param-
eter of the perturbation model. Trends of this parameter with
respect to various plasma quantities may give indications on
the nature of the non-Maxwellian distortion of the distribution

absorption coefficient
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FIG. 10: Electron cyclotron absorption and emission
coefficients and radiation function 8 exp(— [ adR) for X2
assuming a Maxwellian plasma at T, = 10 keV and JET
parameters.

function. Indeed, figure 19 illustrates a smooth and regular
dependence of the estimated pg/p;; on various parameters,
directly measured or inferred from calculations.

VI. CONCLUSIONS AND PROSPECTS

In this paper, a model for a bipolar distortion of the
Maxwellian EEDF was used to investigate the ECE and
Thomson scattering discrepancies observed in Te measure-
ments for JET plasmas™>!'3. The model was applied to an ex-
tensive database of high-performance plasmas to qualitatively
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evaluate the agreement with the experimental measurements.

The database includes 246 discharges from high perfor-
mance D and D-T pulses performed at JET between 2019 and
2022. The T, data were collected from more than 3100 time
points, taken from different phases of the discharge, thus cov-
ering a wide range of T, values. The database includes a va-
riety of plasma scenarios, in some cases not yet tested previ-
ously with D-T mixture. Discrepancies were observed bew-
teen T, measured by the optically thick 2"¢ harmonic of the
ECE spectrum collected by an interferometer looking mainly
at X-mode and T, measured by a LIDAR system, when high
T, (T.>5 keV) was reached. Differently from previous re-
sults obtained in analogous studies®=,in this set of pulses dis-
crepancies are of a smaller size and, remarkably, both cases
with Tgcg > Typ and cases with Tgcp < Tpp are found,
with different scenarios showing different behaviours. X2 and
X3 emission spectra have been compared, finding Tx, > Tx3
in many pulses, also for cases with high tx3 where, for a
Maxwellian distribution, Ty, ~ Tx3 was expected.

The comparison between the temperature profiles calcu-
lated using the model and the experimental measurements
shows that bipolar perturbations of just a few percent, lo-
calised between 1-2 times the electrons thermal velocity are
sufficient to reproduce the levels of discrepancy observed in
the experiments. The effects of the model perturbations on the
final temperature profiles are also found to become stronger
for higher T,. This is due to the narrowing of the radiation
function (and correspondingly of the width of the emission
layer) and to the shifting of its peak to lower momenta. This
too is in agreement with the experiments, where the discrepan-
cies between ECE and TS only appeared at high T,. Indeed,
the perturbations only affect ECE profiles, while the differ-
ent sensitivity to the different regions of momentum space of
TS diagnostics make them insensitive to such perturbations.

These results suggest that, for conditions where the plasma is

optically thick for both 21 and 374 X-mode ECE harmonics,
measuring them at the same time provides a strong constraint
on the EEDF in different parts of the momentum space. This
argument could also be expanded to other modes and harmon-
ics that are optically thick.

At this point, it is natural to wonder whether this type of
perturbations could significantly affect the ECE temperature
diagnostic for ITER plasmas. Assuming that a similar EEDF
distortion is present in ITER (which is, of course, only a
guess), the model can be used to quantitatively evaluate the
impact on the ECE spectra. This is illustrated by the sim-
ple case shown in figure 20. Two perturbations with am-
plitudes that fit JET measurements, same width and located
at two different momenta are considered: po/p;; = 0.9 and
po/pm = 1.3. The impact on the temperature profile mea-
sured using the O-mode at the 18! harmonic (X2 mode in

ITER is likely to suffer from strong reabsorption by the ard
harmonic resonance®) is displayed in the first panel (red sym-
bols and blue symbols, respectively, for the two different per-
turbations). The effect in ITER is found to be much stronger,
because of the much higher temperature (here 25 keV). More-
over, for the two different values of pg,the effect is opposite.
Since the high temperature region (7, > 5 keV) in which the
distortion effects are visible now includes a large part of the
profile, both trends of the effects can be present in the same
profile: note that for 10 < 7, < 15 keV the radiation tem-
perature profile for py/p;;, = 1.3 is higher than both the as-
sumed temperature profile and the prediction for po/p, = 0.9,
whereas it becomes lower beyond 15 keV. Therefore, these
distortions on ITER would not just cause discrepancies of T,
but deformations of the whole profile.

The model developed in this work has been applied to JET
results as a tool for data analysis. It does not provide an inter-
pretation of the cause of the possible EEDF distortions and,
currently, only hypotheses can be formulated in this regard.
All the JET and TFTR discharges in which this phenomenon
has been observed were heated by NBI and/or ICRH and, in
the case of D-T, alpha particles and it is well known that these
heating sources are characterized by the presence of fast ion
tails. These tails could then be a candidate as a source of dis-
tortions of the electron distribution. Interaction of energetic
ions with the electrons could take place because of:

* relaxation of the energetic ion tail on the electrons by
Coulomb collisions;

e MHD modes driven by energetic ions (e.g., Alfvén
modes) exchanging their energy with the electrons (e.g.,
absorption by Landau damping).

It is a common assumption that, despite collisional interac-
tion with fast ions, the EEDF conserve its Maxwellian shape,
because the fast ion velocity is much smaller that the elec-
tron thermal velocity. However, speaking of small perturba-
tions, the full integro-differential collision operator should be
used in the kinetic computation, which is not usually the case.
Bipolar distortions of distribution functions in the thermal ve-
locity range are not an uncommon phenomenon in plasmas.



High T, discrepancies between ECE and Thomson diagnostics in high-performance JET discharges

11

TS
500 . i
Maxw 16 b Maxw
Maxw+pert Maxw+pert
400 —
’g 0.8 —
%
x 300 — &
o = 0.6 —
2 :
7200 1%
et 04 r —
X
)
ol
100 1T o2l |
0 )
0 L L L L
1.5 2 0 1 2 3 4 5
E/Te
3.5 : . 12 T ; .
C Maxwellian w d Maxwellian
*  non-Maxw. *  non-Maxw.
8 Te profile | | 10 + %, Te profile |-
*
2.5 , *
. gl K |
— — **
> 2 1> *
£} < 6l i ]
Bisf 1 B
- -
4+ |
1 |
2r |
0.5 |
Te =10 keV
0 RIRRRRRRHOk K 0 — : : :
2.5 3 3.5 4 4.5 2.5 3 3.5 4 4.5
R (m) R (m)

FIG. 12: Top: radiation function for ond harmonic X-mode (a) and normalised Thomson scattered power (b) versus ratio of
electron kinetic energy and electron temperature. Predictions are made for a pure Maxwellian (blue) and perturbed (red)
distribution. Bottom: predicted 7,,4 vs R, for T,o = 3 keV (c) and T,9 = 10 keV (d). Assumed T, profile (black), and
calculations using a Maxwellian (blue) and a perturbed distribution (red asterisks) are shown for each case. Radiation
temperature is mapped on the major radius coordinate R considering, for each frequency, the cold resonance position.
Parameters of the perturbation model: fy = 0.03, po/pi, = 1, 8/ py = 0.25.

While the parameters range of the plasmas involved in these
cases are obviously very far from those of a tokamak, it is in-
teresting to mention that a bipolar perturbation of the EEDF
has been found in kinetic calculations performed for inertial
fusion plasmas'>, precisely due to collisional interaction with
the ions. Direct observation of bipolar ion distributions due
to wave-particle interaction in laboratory plasmas has been
recently reported®®. Concerning the interaction with MHD
modes, bipolar perturbations of the EEDF at thermal veloci-
ties have been observed in the magnetosheath!6. Gyrokinetic
analysis has led to interpreting these observations as due to
kinetic Alfven waves!’, delivering energy to the electrons by
means of Landau damping. Of course, phenomena observed
in such nearly collisionless plasmas cannot be directly extrap-
olated to fusion plasmas. Nevertheless, the analogy can be

exploited by carrying out gyrokinetic simulations for several
MHD modes present in high performance JET plasmas, not
necessarily only those driven by energetic ions.

In summary, the experimental results reported and analyzed
here lead to the conclusion that Thomson scattering is, by its
nature, very weakly sensitive to the detailed shape of the elec-
tron distribution. As a consequence, a TS system is generally
adequate in order to measure the electron temperature profile.
On the other hand, ECE spectra, and the corresponding pro-
files, may be affected significantly by a small-amplitude per-
turbation (a few percent) of the EEDF in the range from once
or twice the bulk thermal velocities. Hence, ECE temperature
measurements should be considered less reliable than those of
TS for plasmas relevant to a fusion power plant. However,
such a sensitivity to the EEDF shape can be used to obtain
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a constraint on possible perturbations of the electron distri-
bution function, a very useful property for physics studies.
TS and ECE systems should thus be understood as comple-
mentary measurement techniques, providing redundancy only
when probing a Maxwellian plasma. In a machine employing
independently calibrated ECE and TS diagnostics, this redun-
dancy will ensure the collection of evidence for the appear-
ance of non-Maxwellian features. An ECE system optimised
for this kind of applications should be able to probe ordinary
and extra-ordinary wave mode spectra over several harmonic
domains, and possibly using lines of sight both perpendicular
and oblique with respect to the magnetic field.

Appendix A: Derivation of absorption and emission
coefficients for ECE

The absorption and emission coefficients for the extraordi-
nary wave and n>1 can be calculated starting from the per-
turbed distribution functions described in Section IV, using
for example, formulas from equations (10)-(13) of14:

(avﬁ) :AOZn(amﬁn) (A1)
with:
gy EOO | ienlt pet
0= Ny ¢ @? €11 47'[[(2([.1)’
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Here n is the harmonic number, ®, @, and w, are respec-
tively the angular wave frequency, the plasma frequency and
the cyclotron frequency, multiplied by 2. Finally, Nx is the

By = a4, | (2 -1)
cold refractive index and € is the cold plasma dielectric tensor. " M e /o

The n" components of the absorption and emission coeffi-

cients are: + Quh(uy) fosin <6/nmc (uy — uo)>1 .
In these equations:
2(n—1)
_ Hitn i (noc_p) A — ()19 on Nxw B(n+1,1/2)
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Here B(x,y) and H are the Beta and the Heaviside func-
tions respectively. The function Q, is related to the pitch-
angle dependence of the distribution function perturbation.
For the isotropic perturbation fj, (see equation (2)), Q,, = 1.
For some examples of anisotropic perturbations
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the corresponding Q, functions are:
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FIG. 19: Position of the perturbation in normalised momentum space providing the best fit of the full set of discharges in the
database. Each plot correspond to a selection of values for a given physical quantity. Density at the plasma center (a), heating
power divided by the central density (b), ratio of Alfvén velocity and the electron thermal velocity (c) and fast ion pressure
normalized to the magnetic pressure (d).
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