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Abstract

Discrepancies between the Electron Cyclotron Emission ( T_ECE) and Thomson Scattering (T_TS) measurements of
electron temperature were observed on JET,TFTR , and more recently on FTU. This paper reports on the most recent study
on this discrepancy conducted , in the context of ITPA Joint Activity on ‘High Temperature Measurements’, on JET DT3
(Third Deuterium-Tritium Campaign) , EAST and DIII-D. Models link these differences to the interaction of the heating
systems with the electrons and then to the non-maxwellian nature of the electron velocity distribution function (EDF).
Studying these effects is important for ITER and the fusion reactor where they can increase significantly. Studying these
discrepancies, systematic effects and volume average related to different line of sights used for collecting the light must be
taken into account. The discrepancies are detected on JET using two systems, i.e. HRTS ( High Resolution Thomson
Scattering) and LIDAR TS , on EAST and DIII-D. The consistency of these discrepancies across multiple diagnostics and
machines rules out systematic effects as the underlying cause. On JET in Tritium rich scenario at Te=12keV there is a
difference of ECE with respect to TS of the order of 25%, being T ECE lower than T TS. An empirical model of non-
maxwellian bipolar perturbation fits the JET DTE3 database. Investigations started on EAST to see how the discharge
conditions influence the EDF, and how combination of heating affects the ECE/TS discrepancy. The experiments were
made in dominant ECRH heating with variation of plasma conditions and heating systems. In presence of lon cyclotron
heating T TS>T ECE was detected : the effect of fast ions on EDF could be considered in this scenario. Databases are
collected on DIII-D to document the measurements of temperatures. The heating systems used on DIII-D are ECRH
(Electron Cyclotron Resonance Heating), NBI (Neutral Beam Injection) and LH ( Lower Hybrid ) and discharges with
combination of these systems are available. Systematic effect where T _ECE>T_TS for Te>7keV are reported , however this
difference remain below the line of +10% difference.
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1. INTRODUCTION

Discrepancies between the Electron Cyclotron Emission (T _ECE) and Thomson Scattering (T _TS)
measurements of electron temperature were observed in plasmas heated by ECRH only ( on FTU [1]) and NBI
( JET[2],TFTR [3]) or NBI plus ICRH ( on JET). Models link these differences to the interaction of the heating
systems with the electrons and then to the non-maxwellian nature of the electron velocity distribution function
(EDF) [4,5]. Studying these effects is important for ITER and the fusion reactor : while the presently detected
differences can be of the order of 10-20% , they can increase significantly [5] for reactor plasmas where
temperature can be of the order of 30-50 keV. The need of defining the measurement of the electron temperature
precisely is of the highest relevance. Being so fundamental these themes are not new : the discussion started 30
years ago [3]. The radiation temperature T, measured by the ECE diagnostic systems can be extracted from the
Kirchhoff theorem [6] linking T, to EDF and single electron emissivity 1, :
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where f(p) is the EDF ( p electron momentum) and ¢ is the electron energy, B, is the plasma emissivity and o,
the absorbtion coefficient .The radiation flux S, is the flux of photons emitted by electrons in the plasma and it
is expressed by the Rayleigh-Jeans formula. Therefore for maxwellian electrons T; is equal to the electron
temperature, as it can be verified using eq.(1). Since the absorbtion coefficient depends on the derivative of the
EDF with respect to energy ( see eq.(1)), Ty is sensible to distrortions of EDF, i.e. to non-maxwellian nature
of EDF. The signal measured by the ECE diagnostics must take into account an integration along a line of sight
of the photons transported through the plasma. So using the equation of radiation transfer [6] the radiation
temperature detected can be expressed by the following expression [7]:
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where Ry (a ) is the torus major ( minor) radius. The evaluation of the F,q for the 2™ harmonic extraordinary
mode emitted by the plasma for electron temperatures Te=1,5,10keV shows that increasing the electron
temperature the peak of Frad decreases toward low electron energies: for example for Te=10keV the Frad
peaks at E/Te=0.5 ( Fig.1a) , the radiation temperature then samples low energy electrons. This tendency is
reversed at low temperatures : Frad peaks for electron energies close to the electron temperature ( see Fig.1b).
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Fig.1a. Frad vs E/Te for Te=1,5,10keV Fig.1b Frad vs E/Te for the 2™ and 3™ Harmonic Xmode

The Fig.1b shows the range of electron energies where the Frad is sensitive related to the 2" and 3™ harmonic
X-mode at Te=10keV : the 2™ harmonic corresponds to electron energies of the order of the electron
temperature , whole the 3™ harmonic covers a range of electron energies higher than the electron temperatures .
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So the two harmonics probe different parts of the electron energy distribution function. In Fig.la and b the
value of R, corresponds to the actual value of Ry in (2). Moving to the Thomson scattering (TS) spectrum , it
is worth noting that the spectrum of the scattered light Prs(w) is proportional to the electron velocity distribution
function where the frequency shift with respect to the laser frequency is corresponding to the Doppler shift of
the radiation emitted by the electrons [8] :

P (@) [(¥) o(k.V-w)dv 3)

where f(v) is the EDF, k = ki-ks is the difference between the wavevectors of the incident light (ki) and
scattered light (kf). The eq. (3) is a very simplified expression which is not taking into account polarization
effects which are important for relativistic electrons. In principle the TS is measuring the EDF in a geometry
defined by the k-wavevector.

2. THE MEASUREMENT OF ELECTRON TEMPERATURE : SYSTEMATIC AND STATISTICAL
ERRORS , LINE OF SIGHTS AND VOLUME AVERAGES.

In the process of comparing the measurements of Te made by ECE and TS, systematic effects and volume
average related to different line of sights used for collecting the light must be taken into account. For the
comparison ECE/TS on JET , the ECE Martin-Puplett interferometer (MPI) [9] is usually taken ( system JET-
KK1) and the measurements of LIDAR TS [10] and HRTS [11,12] (High resolution Thomson Scattering ,
system JET-K11) are used. In ECE and TS the measurement is done collecting light along specific line of sights
and the signal is averaged on different plasma volumes. A meaningful comparison between these two
diagnostics must account for differences in lines of sight, sampled volumes, and temporal resolution. As detailed
in [13], the comparison is carried out over nearly identical volumes at each time instant.The dimensions
(vertical/z and horizontal/radial, in the poloidal plane) of the volumes where the two diagnostics acquire signals
are approximable with cylinders of dimensions as reported in Table I. Averaging over a region with a radial
extension of 15 cm (5-6 measurement points) allows to compensate for the different spatial resolutions and
measurement volumes of the two systems, and using the same flux coordinates ensures that both diagnostics
refer to the same plasma region, despite their different lines of sights. The Fig.2a (left) shows the line of sights
of instruments used at JET for the measurements of electron temperature reported in this paper: light blue line
describes the line of sight of the ECE Martin-Puplett (MPI) interferometer, the red line the HRTS: the distance
between them is of 5-6cm . It is very important to note that the measurements of ECE MPI and HRTS are
averaged over the same flux coordinates range, as shown in fig.2b-right, where the approximate averaging
volumes of both diagnostics, mapped to the same flux-coordinate interval are highlited in blue and violet.
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FIG.2a (left) :Line of sights of the JET systems, light blue ECE Martin-Puplett interferometer(MPI), red HRTS .
Fig.2b(right): the volumes covered by HRTS (violet) and MPI (blue) corresponding to the same flux coordinate.

Another fundamental aspect of the ECE/TS comparison is the assessment of statistical and systematic errors
affecting the instruments HRTS and MPI, so it is useful to note that :
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i) during the DTE3 campaigns ECE calibration checks were carried out weekly

i) the spectral calibration of HRTS affecting the evaluation of temperature was re-checked for
DTE3 campaign

iii) the evaluation of systematic errors is difficult: the checks on the hardware can reduce them. On the

other side, the discrepancies between ECE and TS were detected using two systems, i.e. HRTS[12]
and LIDAR TS[7] on JET , and on EAST, DIII-D and preliminarly also on W7X. The variety of
the devices excludes systematic effects on their evaluation. The consistency of these discrepancies
across multiple diagnostics and machines rules out systematic effects as the underlying cause.

iv) The error bar on the measurements of TS is of the order or less than 5%, since it results from
average of at least two experimental points .
V) The evaluated error bar on the ECE MPI measurements is < 5%
TABLE I Radial extension  Vertical extension
mm mm
ECE MPI 28 36
HRTS 16 22

Table I . Dimensions of the measurements volumes for ECE and TS on JET
3. COMPARISON OF TEMPERATURES MEASURED BY ECE and TS ON JET DTE3 campaign.
About 475 pulses were selected for the analysis , the global comparison is presented in Fig.3. Given the large
number of data points, a density plot is used to highlight the general trend, representing how the experimental

points are distributed by indicating how many falls within different regions of the plane.
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Fig.3 T ECE vs T HRTS: DTE3 campaign. Fig.4 . T ECE vs T _HRTS for the pulse#104522.

Note that the temperatures shown are averaged over the plasma center (approximately 15 cm) and are therefore
slightly lower than the peak temperatures. Systematically the T ECE < T HRTS for Te>7keV. The difference
T HRTS — T ECE= 1-1.5 keV at Te HRTS=9keV. Figure 4 shows T ECE versus T HRTS for the fusion
record DTE3 pulse#104522: fits ( linear/green line and quadratic/red line ) to the data are indicated in the plot
and the error bars are shown on each point. The quadratic trend agrees very well with the model presented in
Fig. 6. The T ECE=T HRTS for Te< 7keV , but a feature of the plot in Fig.4 is that above the T HRTS
>10keV a saturation of the T _ECE is observed ( the difference between ECE and TS increases) . Modelling the
ECE/TS discrepancy using a bipolar model [9] of non-maxwellian electron velocity distribution function is very
useful for demonstrating in a particular case how the non-maxwellian nature of EDF can affect the ECE/TS
discrepancy. The Fig.5 shows the maxwellian EDF (fy, blue line) wih the bipolar perturbation (fj, red line), the
region of EDF corresponding to 2" and 3™ harmonic X-mode measurements are also shown. The parameters
defining fyy and f; non-maxwellian perturbation are given in the following eq.:
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The Fig.6 shows the evaluation of the radiation temperature measured by the ECE diagnostic system over the a
database of DTE3 which includes all the record pulses of the tritium rich scenario [14]: data-measurements ( 2™
harmonic X-mode) are represented by light blue , theoretical evaluation in dark blue. The figure shows that at
Te=12keV there is a difference of ECE with respect to TS of the order of 25%, being T_ECE lower than T_TS .
It is really a nice feature that the bipolar perturbation ( see Fig.6 top title) fits the database with the following
parameters :  po/pu=1.5, 8¢/pu=0.7, £;=0.05 , and the wall reflection coefficient used in the evaluation is
Ref=0.55. The message of the Fig.6 is that a small perturbation ( f;=5%) of the maxwellian EDF, positioned in
the high velocity side of the EDF ( vo/vg,=1.5) , quite wide in the velocity space dv/vth =50% can produce a
substantial effect on ECE radiation temperature of the ECE 2™ harmonic X-mode. The evaluation at highest
temperature ( Te>10keV) shows a small under-evaluation of the ECE/TS discrepancy by the theoretical bipolar
model.
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Fig .5 Bipolar perturbation on a Maxwellian EDF Fig.6 Evaluation of T ECE using Bipolar EDF

This slight under-evaluation suggests that something is missing in the model, which was not the case for the
discharges presented in [7], most of which were in Deuterium. In fact, the discharges of the DTE3 campaign that
reach the highest temperature values at high density have a significant contribution of heating by the alpha
particles, increasing as T as the DT fusion cross section. Assuming that the intensity of the bipolar perturbation
increases as T the agreement between data and model improves significantly. An additional challenge is found
if we try to match data and model for both the 2™ and the 3™ harmonic, i.e., in the two different velocity ranges
seen by the two harmonics. To this end, the model can be further complexified in two ways:

1) Still using sinusoidal perturbations, but not bipolar

2) Combining two perturbations acting in two different velocity ranges.

Using this type of model, a satisfactory agreement is found for the full DTE3 data base (> 5000 data points) for
both harmonics, as shown in Fig. 7a. The perturbed distribution function (shown in Fig. 7b) has still rather small
distortions with respect to the Maxwellian. Of course, much better agreement could be obtained for selected
group of discharges with homogeneous physical properties. The physical nature of the mechanisms causing such
perturbations has still to be fully unveiled. It can be related to the three heating systems (alpha, NBI, ICRH)
and/or to MHD instabilities.
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Fig. 7a(left): Central electron temperature measured by ECE (MPI) vs the same quantity measured by Thomson
scattering (HRTS). Measured data are shown together with data computed using the perturbed EDF shown in at
right. Fig.7b(right): Maxwellian (blue) and perturbed (red) EDF, using the model with two non-bipolar
perturbations.

4 MEASUREMENTS OF ECE AND TS DISCREPANCIES ON EAST TOKAMAK

The physics basis of the discrepancy between ECE and TS electron temperature measurements is discussed in
sec.l. The interaction of heating systems ( ECRH , NBI , ICRH heating and generated fast ions , alpha particle
heating in DT plasmas ) with plasma electrons could lead to a distortion of the electron EDF. The effects of
collisional relaxation of fast ions on electron distribution function were evaluated in ref [15] in a case study of
the alpha particle effects on EDF : the solution of Focker-Planck equation led to a bipolar EDF. A study of EC-
heating on electrons made in [4] revealed effects on EDF in the context of evaluation of differences of electron
temperatures between ECE and TS. Fast ion dominated discharges presumably produce effects on EDF different
from RF dominated electron heating. Starting from this point an experiment started on EAST to investigate how
the discharge conditions influence the EDF , and also in this context how the combination of various heating
affects the differences between ECE and TS measurements. These experiments were made in dominant ECRH
heating with variation of plasma conditions and heating systems Under Li-wall conditioning Thomson electron
temperature measurements were higher than ECE i.e. T TS>T ECE. While in conditions of B-wall
conditioning no effects were detected on ECE / TS measuremnts. In presence of Ion cyclotron heating
T TS>T_ECE was detected : the effect of fast ions on EDF could be considered in this scenario. The
preliminary summary of the results obtained on EAST is reported in Fig.7 where each experimental point is
resulting from different combination of heating.
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Fig.7 EAST : ECE vs TS measurements with various heatings and plasma conditions

Looking into the Fig.7 , in general all the various combinations of heating produce differences between ECE and
TS . In practically all cases T TS >T ECE , the opposite (T_ECE>T_TS) happens for neon seeded discharges
and for one case of EC-LH heating. The maximum difference between ECE and TS is reached in discharges
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EC-LH ( Electron cyclotron combined with lower hybrid heating) : this is a condition of pure electron heating.
Strong effects are obtained also combining ECRH with NBI and ICRH where the fast ions play a fundamental
role on EDF structure changes. The analysis of these results is ongoing.

4 MEASUREMENTS OF ECE versus TS DISCREPANCIES ON DIII-D TOKAMAK.

Databases are collected on DIII-D tokamak to document the measurements of temperatures by ECE and TS.
The heating systems used on DIII-D are ECRH , NBI and LH and discharges with combination of these systems
are available. The ‘Tangential’ TS ( TTS) system is providing temperatures on the plasma centre , while the
ECE radiometer the measurements across the full plasma region : Fig.8 shows the relative positions of the ECE
radiometer and TTS in the poloidal plane together with the equilibrium surfaces.
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Fig.8 positions of TTS (red points) and ECE radiometer ( red and blue diamonds) at t=3100ms pulse#191947

For the pulse #191947 the ECE vs TTS temperature profiles are given in fig.9.
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Fig.9 ECE and TTS profiles, pulse #191755 . Fig.10 ECE vs TTS DIIID database .

The difference T ECE - T_TTS~+2keV is at plasma centre for the pulse#191755. In general the ECE vs TTS
comparison on the complete DIII-D database is shown in Fig.10: the plot includes about 256443 points, with
DIII-D pulse number <197000, the error bars are shown for the points with Te>6keV, the Thomson error bars
are often >10%, the shots with ECRH and NBI are marked with different color and 10% difference lines are
drawn. The Fig.10 shows a systematic effect where T ECE>T TTS for Te>7keV , this difference remain below
the line of +10% difference. The algorithm used to construct the dataset is a prototype : it would need further
optimization . In DIII-D yr 2025 campaign, a new database is available including 170 pulses: LH heated pulses
with high temperatures as well as H-mode with NBI-ECRH heating are available , the analysis is ongoing.
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