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ABSTRACT

On JET, a key source of calibrated electron temperature Te profiles is from the measurements of the

full ECE spectrum made by a Fourier Transform Spectrometer (FTS). It is absolutely calibrated by

using a calibration source inside the vacuum vessel. High spatial and temporal resolution ECE Te

profiles are obtained using a 96 channel heterodyne instrument which is cross calibrated on each

JET pulse against the data from the FTS system. Residual systematic frequency dependant errors at

the 5-10% level can then be evaluated and corrected for, using specific discharges in which the

toroidal field is varied while keeping the shape of the Te profile constant. This improvement in the

calibration method has been systematically applied at JET for the first time improving both the

smoothness and the symmetry of the Te profiles. The consequences of this improvement are discussed.

In addition, it is shown that no deviation occurs in the FTS calibration for more than 8 years, which

is relevant for ITER.

I. INTRODUCTION

In fusion devices, the accuracy of electron temperature Te obtained with Electron Cyclotron

Emission (ECE) measurements is dominated by the uncertainties during the calibration process.

On JET, absolute calibration is done by filling the antenna pattern of the diagnostic’s antenna with

generally two sources of known temperature and emissivity. The intensity of the existing sources

being about five orders of magnitude lower than the plasma emission, the calibration procedures

requires many hours of coherent integration to recover the signal from the detector noise. Experience

at JET[1] shows that the residual noise in the calibration data leaves systematic uncertainties in the

absolute level of the measured response, i.e. of the level of the measured temperature, of about +/-

10%. The uncertainty on the frequency dependence, and therefore the uncertainty on the shape of

the Te profile, is believed to be about 5%. The main effect of such systematic uncertainties is the

appearance of typical features on the Te profiles such as oscillations or asymmetries at specific

magnetic fields. As the errors are fixed in frequency, it is possible to improve the relative amplitude

of the calibration factors doing specific discharges with a Toroidal Field Ramp (TFR)[2]. Such

corrections have been systematically applied at JET for the first time. The effect of the application

of this method on Te JET profiles and the consequences of the corrections are discussed in this

paper.

II. JET ECE MEASUREMENT AND CALIBRATION

On JET, X-mode ECE spectra are measured using a Fourier Transform Spectrometer (FTS). Its

mirror amplitude is 15mm with a sampling distance of 80mm and a vibrator frequency of 30Hz.

This defines a frequency resolution of the system of 10GHz on a frequency range between 76 and

350GHz. On each JET pulse, a maximum of 320 interferograms is acquired. From the second

optically thick harmonic, Te profiles are then calculated and are used to cross calibrate the 96

channels heterodyne radiometer system [3]. The thermal source used for in-vessel calibration has a



2

heated surface of 18cm2, an absolute radiation temperature of ~810K and a temperature uniformity

of ~+/-15K. The radiation temperature is uniform in frequency except below 90GHz where it drops

to 650K at 60 GHz. Calibration below 90GHz is then less accurate. The last absolute invessel

calibration of the FTS system was performed in May1996 and has not been modified since then.

Nevertheless, since 1996, frequency dependent correction using TFR pulses response can be applied

according to the method described in the next paragraph.

III. IMPROVEMENT METHOD

The improvement method is described in Ref. 2. Briefly, the idea is to first assume that the errors

in the calibration of the FTS system are fixed in frequency and that the existing calibration curve is

globally correct. If S(ω, t) is the ECE temperature spectrum emitted by the plasma and defined as

where I(ω, t) is the spectral density of the EC radiation at frequency ω. The frequency dependent

calibration curve C(ω) is defined as Sm(ω, t)=C(ω) . S(ω, t), Sm(ω, t) being the measured spectrum.

By varying the toroidal magnetic field during a discharge, the whole ECE spectrum moves in

frequency. If the shape of the Te profile can be held constant during the toroidal field ramp, we are

then able to distinguish the errors in the profile from real spectral features.

Technically, two ohmic TFR pulses are combined to apply the correction over a wide range of

frequencies. The first one with a  Bφ(R0) ramp from 3.5 to 2.3T and the second from 2.8 to 1.7T,

1.7T being deduced from the lower frequency limit of the diagnostic. By keeping q profile as

constant as possible changing the plasma current Ip in proportion of the Bφ changes, the shape of

the Te profile is hold constant during the pulse while its amplitude decreases due to the decrease in

ohmic heating. The electron density stays mainly constant during the ramp.

As Te(R, t) shape is constant during the TF ramp, to compare the different spectra Sm(ω, t), we

calculate the normalized spectrum Sn(ω, t)= Sm(ω, t)/ Te(R0, t) where R0 is the plasma center

position. On fig.1, we represent some of the normalized spectra obtained during one of our TFR

pulses. The reference spectrum R(F), where F is the normalized frequency F= ω/2 Ωce(R0,t) with

Ωce being the electron cyclotron frequency, is obtained as the average of the normalized spectrum

mapped onto the normalized frequency coordinate F. R(F) is a good approximation of the real

normalised spectrum (see fig.1). Finally, the frequency dependent correction factors C1(ω) are

estimated as

where N(ω) is the number of spectra during the ramp valid for the frequency ω, t1, t2 are the starting

and ending time of the TF ramp and R(ω) is R(F) mapped back onto the respective frequency

scales.

C1(ω) =
1

N(ω)

Sn(ω,t)

R(ω)
t=t1

t2

Σ

S(ω,t) ≡ I(ω,t)
8π3 c2

ω2
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As the method is valid on the optically thick 2nd harmonic of the X-mode spectrum the normalised

amplitude of the 3rd harmonic itself does not vary as B decreases (fig.1(b)). Effectively, for these

TFR pulses, the third harmonic normalised spectrum is mainly constant during the TFR. The

correction method is then applied from F=0.8 up to 1.6.

IV. EXPERIMENTAL RESULTS

The final correction curve C1(ω) obtained using TFR pulses 60204 and 60205 performed in August

2003 is shown on fig.2. Its mean value is 1 and oscillations don’t exceed 10% except at very low

frequencies where the correction is the most important. The grey zone represents  the  standard

deviation  of  all  the  correction  estimations  at  each  frequency around  the mean  value  represented

by  the  black  line.  Examples  of  the  effects  of  this improved calibration on both the ECE spectra

and on the Te profiles are shown on fig.3 for three different magnetic fields. First, considering the Te

profiles, the improvement in the  quality  of  the  profiles  is  clear  as  it  effectively  suppresses  the

odd  oscillations appearing at specific frequencies but also improves the symmetry of the profiles.

This last fact is of great importance because nowhere in the method, are there any considerations of

the  symmetry. More  globally,  the  whole  spectra  quality  is  improved  as  the  shape correlation

between second harmonic and third harmonic emission is increased.

The correction method assumes that the calibration curve is globally correct. As the last in-

vessel calibration dates from 1996, checks on the validity of the FTS calibration on the long term

have been made. At each JET restart, two reference TFR discharges are done and the frequency

response of the FTS system analyzed. Since 1996, about ten TFR pulse pairs have been obtained.

As shown on fig.5, the response of the system has not changed within the 5% accepted error bars

except at very low frequencies where the calibration is much  more  difficult  due  to  the  lower

emissivity  of  the  calibration  source  at  these frequencies. This  clearly  shows  that  it  is  possible

to maintain  a  valid  calibration  for  a period  of  more  than  8  years  without  in  vessel  access.

This  demonstrates  that  the calibration of such a diagnostic system can be stable over a long period

which bodes well for ECE diagnostics on ITER.

Since  the  calibration  correction  is  obtained  by  using  only  the  FTS  results  themselves

rather than using information from other diagnostics, it is also important to compare the results

with  another  independently  calibrated  Te  diagnostic.  On  fig.4,  we  represent comparison of Te

averaged over ±10cm around the plasma center for both ECE and Lidar Thomson  scattering

measurements  during  Ohmic  heating  only.  For  the  1000  pulses before the correction, the ratio

between both Te measurements was 1.002 and it becomes 0.999 after  the correction  i.e. unchanged

within experimental errors. This confirms  that there is no overall variation in the calibration of

either diagnostics.

Of course, as the correction affects the shape of the Te profiles, it affects in proportion the

temperature gradient  ∇Te and all measurements related to it. The dimensionless Larmor radius  ρ*
T

characterizing the Internal Transport Barrier (ITB)[4] depends on both Te and  ∇Te. Detailed study
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Fig.1: (a) Some of the normalized spectra Sn(ω,t) from
TFR pulse 60205. The bold spectra refer to the first and
the last spectrum of the TFR. (b) Normalized spectra
Sn(F,t) on the normalized frequency axis F. On this scale,
F=1.5 is the position of the third harmonic. The
encapsulated curve represents the reference spectrum S(F)
obtained as the mean value of all the Sn(F,t).
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of specific JET discharges with ITB at different magnetic fields, based on the  calculation  of ρ*
T

for  corrected  and  non-corrected  Te  profiles,  doesn’t  show  any significant influence of the

correction on the emergence, location and time evolution of the ITB.

Finally, we have considered previous TFR pulse pairs up to 1996 and these produce the same

correction factors C1(ω) within 3%. This again confirms the reliability of the system in the long

term and led us to apply the correction backwards in time[5].
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Fig.2: Correction factor C1(ω) obtained from pulses
60204 and 60205. The grey zone represents the standard
deviation of the measurement

Fig.4: Comparison of Te averaged on ±10cm around the
plasma center for both ECE and Lidar measurements
during Ohmic heating only. The black circles correspond
to pulses 60000 to 61000 before the correction and the
grey triangle correspond to pulses 61002 to 62000 after
corrections on the calibration. The dashed line represents
the equality line when <Te>ECE=<Te>Lidar

Fig.3: Temperature spectra Sm(ω) (left column) and Te(R)
profiles (right column) frompulse 60205 for three different
magnetic field. The dashed curves show the data
beforecalibration correction while the full lines are the
data after improvement.
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Fig.5: FTS diagnostic response to three pairs of TFR
discharges done in 1997, 2000 and 2003.
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