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In the JT-60U tokamak, the ECE measurements have been made by means
of a twenty-channel grating polychromator diagnostic system (GPS) in which
a newly developed detector system by the use of low-noise preamplifiers
was installed. Operational performance of the GPS with respect to
resolutions and noise level is described. The ECE measurements coupled
with equilibrium analysis to calculate a local magnetic field strength
show good internal-consistency between the equilibrium configuration and
the sawtooth inversion locations. Based on the result, the dependence of
the normalized inversion radius on the inverse safety factor and the
observation of m=1 mode oscillations are presented. A preliminary result
from ECE reconstruction applied to a precursor oscillation represents the
formation of a clear crescent m=1 island, a hot spot and a narrow cold

region.
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1. Introduction

Electron cyclotron emission (ECE) measurements for a second harmonic
extraordinary mode have been recently made by using a twenty-channel grating
polychromator diagnostic system (GPS) in the JT-60U tokamak which has been
in operation from March 1991. A schematic view of the GPS is shown in Fig.1.
The diffraction grating spectrometer is located outside the shielding wall so that
the ECE light from the tokamak plasma is transported through an S-band
waveguide transmission line over a length of ~42 m. The purpose of the present
paper is to report the operational performance of the GPS and show its capability
for a local fluctuation study with the initial results from ECE measurements in
the JT-60U plasmas.

The GPS was originally built for JT-60 in 1989, in which a cryogenic
refrigerator was used for cooling the twenty-channel InSb (indium antimonide)
detectors at liquid helium temperature around 4.3 K [1]. The use of the
refrigerator allows the apparatus to operate continuously over a half of year or
more under the work of maintenance and handling and the helium consumption
very much reduced than generally required for a conventional liquid helium
cryostat. However, a variety of noises such as pump noises and electrical noises
arose from the use of the refrigerator, degrading noise immunity for the ECE
measurement; the pump noise is known to arise when surges in the vapor
pressure of the helium bath are large enough to produce temperature fluctuations
of the detector. So, during the shutdown period for the modification to JT-60U,
a new detector system has been developed by the use of low-noise differential
preamplifiers and recently installed for the GPS. As discussed below, the noise
immunity is sufficiently improved for the ECE measurement in JT-60U; details
of the new detector system will be discussed elsewhere.

In the following section, the operational performance with respect to
resolutions and noise level for the GPS is described. Second, the inversion
locations of ECE sawteeth are investi gatéd for high and low field sides in order
to test the internal-consistency in the ECE measurement coupled with
equilibrium analysis, where the equilibrium analysis is used for the calculation of
a local magnetic field strength including internal field effects. Third, the
dependence of a normalized sawtooth inversion radius on the inverse safety
factor is shown. Forth, a structure within the q=1 surface associated with the
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m=1 oscillations is discussed with a preliminary result of ECE reconstruction.
Finally, conclusions are presented.

The results discussed here have been obtained for deuterium discharges with
a high elongation configuration with a major radius of R ~3.3 m, a minor radius
of a~0.88 m and an ellipticity of x~1.7 in the range of the plasma current I =2-4
MA at a toroidal field of B ~4 T. These experiments have been performed in
March 1992.

2. Resolutions and noise level

Frequency calibration for the spectrometer was carried out using a klystron
with multipliers as a monochromatic light source [2]. The relation among the
incident wavelength (A), grating angle (§) and the locations of exit apertures can
be obtained from the optical arrangements of the spectrometer on the basis of
geometric optics. The calculated angles are compared with the measured angles
at peak signals for a fixed frequency. As shown in Fig.2, a common offset value
for the grating angle of -0.25 deg. is required to fit the calculated angle to the
measured angle for different three sets of the grating constant (d) and the
frequency (f): (d [mm], f [GHz])=(1.6, 243.9), (2.0, 243.9) and (3.0, 160.0).
Thus, the grating angle is corrected using the offset angle.

The instrument function of all twenty channels, obtained by rotating the
grating, is shown in Fig.3 for a fixed frequency of f=243.9 GHz at d=2.0 mm.
The frequency resolution of the spectrometer can be evaluated from the
broadening of a line spectrum defined as a full width at a half maximum of the
instrument function (A& - A typical A&, value is obtained to be 0.23 deg.
for f=243.9 GHz and d=1.6 mm, as shown in Fig.4 along with the instrument
function of Ch. 12. The resolving power is calculated to be A/AA=98.8 using the
A& iy Value, so that the frequency resolution (Af) is 2.47 GHz. For a typical
toroidal field of 4.0 T, the frequency resolution corresponds to a spatial
resolution of ~3.4 c¢m at the center of the vacuum vessel, R=3.32 m, in the
direction of the major radius (R). For operating conditions in JT-60, the
resolving power was measured to vary in the range of ~80-140 {1].

A divergence angle of the antenna pattern looking at the plasma though a
horizontal port near the mid-plane is ~3.0 deg. at f=230 GHz. Thus, the vertical
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divergence of the antenna pattern is inferred to be ~15.4 cm at the center of the
vacuum vessel from the antenna surface located at R=6.232 m. Since the antenna
pattern can not only determine the vertical spatial resolution but also affect the
horizontal spatial resolution because of the curvature of a magnetic flux surface
or a equi-temperature surface. A poloidal resolution determined by the antenna
pattern is estimated to be ~16 deg. at a-q=1 surface for a typical 4 MA discharge
with B, ~4 T. '

While the detector system has a frequency response up to ~300 kiz, an
electrical low-pass filter with a cut off frequency (f,) of 10 kHz or 100 kHz is
normally applied. The ECE signals are recorded with a digitizing time of 20 ps
over a discharge period of 15 s. The developed differential preamplifiers in the
detector system has a very low input voltage noise level of 1.2 nV/Hz'” using
FET-input amplifiers. So, a residual high frequency noise can be determined
dominantly by the detector noise in the refrigerator and the thermal noise from
bias resistance at room temperature. A root-mean-square value of the input
voltage noise level, measured at input to A/D convertor, is V, ~1 puV for a band
width of 100 Hz-100 kHz. In a typical case of Ch.12, the measured responsivity
is ~8 x 10°® V/eV from cross-calibration with a Michelson interferometer in the
case of B~4 T, so that the noise equivalent temperature can be estimated to be
T ™~13 eV for f =100 kHz and T, ~4 eV for {=10kHz.

3. Internal-consistency with equilibrium analysis

The original location of the ECE in the plasma can be determined by the
local magnetic field strength including poloidal fields, toroidal diamagnetic fields
and toroidal paramagnetic fields since the electron cyclotron resonant frequency
is dependent on it. As the inclusion of these internal field effects is indispensable
for identifying an accurate ECE location in the plasma, the ECE measurement
may be coupled with equilibrium analysis to evaluate the local magnetic field
strength. To investigate whether the sawtooth inversion locations from ECE
measurements at low and high field sides are located on an identical flux surface
is a good test for confirmation of internal-consistency in the ECE measurement
coupled with equilibrium analysis since the sawtooth inversion is generally

considered to occur at the q=1 surface.
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detector system has a very low input voltage noise level of 1.2 nV/Hz
FET-input amplifiers. So, a residual high frequency noise can be determined
dominantly by the detector noise in the refrigerator and the thermal noise from
bias resistance at room temperature. A root-mean-square value of the input
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T ™~13 eV for £ =100 kHz and T, ™~4 eV for f =10 kHz.

3. Internal-consistency with equilibrium analysis

The original location of the ECE in the plasma can be determined by the
local magnetic field strength including poloidal fields, toroidal diamagnetic fields
and toroidal paramagnetic fields since the electron cyclotron resonant frequency
is dependent on it. As the inclusion of these internal field effects is indispensable
for identifying an accurate ECE location in the plasma, the ECE measurement
may be coupled with equilibrium analysis to evaluate the local magnetic field
strength. To investigate whether the sawtooth inversion locations from ECE
measurements at low and high field sides are located on an identical flux surface
is a good test for confirmation of internal-consistency in the ECE measurement
coupled with equilibrium analysis since the sawtooth inversion is generally

considered to occur at the g=1 surface.
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In JT-60U, the equilibrium analysis has been done to obtain the ECE
locations. For a typical discharge with I =4 MA and B1=4.1'T, the equilibrium
configuration with flux contour lines is shown in Fig.5, including the line of
sight for the ECE measurement with the divergence from the antenna. In this
figure, the observed sawtooth inversion locations are also indicated at R, and
R_ ., showing that both inversion locations are on an identical flux surface; R,
and R_, represent the major radii at sawtooth inversion for high and low field
sides, respectively. Figure 6 shows the measured center of the major radii at
sawtooth inversion defined as (R, +R_)/2 as a function of the magnetic axis
(R,..) from equilibrium calculation assuming the axis q value (q) of unity; the
bar represents a typical radial resolution determined from the frequency
resolution of the GPS. From the fact that the measured value of (R, +R,)/2
involves the center of the q=1 surface, it can be said that the ECE measurements
could be consistent with the equilibrium analysis if the Shafranov shift was
negligibly small in the q=1 surface. To see the relation between the magnetic axis
(Z,..) of the plasmas and the vertical location of the line of sight at Z=0.20 m
for the above data, the Z__is shown in Fig.7 as a function of R -R; with
indication of the line of sight and a typical vertical resolution determined from
antenna pattern. So, the line of sight is located on the equatorial plane of the
plasma within the vertical resolution for the data discussed in the paper.

The comparison between the normalized minor radii r,/a(in) and r Ja(out) at
sawtooth inversion for high and low field sides, respectively, is in a good
agreement as shown in Fig.8, considering the spatial resolution of the apparatus
discussed above. It should be noted that a slight systematic error might be seen in
this figure as the normalized inversion radius is decreased. It may be possible
that the small systematic error is resulted from the current profile model used in
the equilibrium analysis assuming qg=1. The investigation of the detailed current

profile dependence of the ECE locations will be a future work.

4. Sawtooth inversion radius

Sawtooth inversion radius provides the information on the location of q=1
surface. So far, the inversion radius has been measured routinely by multi-
channel soft-x ray signals from lines of sight with a fan array in JT-60.
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However, the line-integrated soft x-ray signals can provide a chord inversion
radius, so that an profile-correction factor is necessary to convert it to the
inversion radius of a soft-x ray profile using analytical techniques such as an
Abel inversion method. Beside the soft-x ray measurement, the ECE
measurement is a powerful tool to measure the inversion radius, since it can be
directly obtained from local ECE signals with sufficiently high temporal and
spatial resolutions.

The dependence of the normalized inversion radius on the inverse safety
factor has been investigated for neutral beam heated discharges with 1 =2-4 MA
and B,~4 T in JT-60U. The normalized inversion radius, r/fa, as a function of the
inverse safety factor, 1/q, is shown in Fig.9; the r /a value is an average of those
at high field and low field side. In this figure, two kinds of a safety factor are
used for comparison; one is the effective MHD surface g-value, g, as large as
q,(95%)~0.8q,4 and the other is the cylindrical equivalent safety factor, ¥,
defined as Q*=(1+K2)nﬁzBJ(H@IpRP)- For both cases, a clear increase in the
normalized inversion radius with the inverse safety factor is shown. For the use
of q, the normalized inversion radius appears to expand up to (r/a)q~1.4-1.5,
which is larger than a scaling of (r/a)q,~1 obtained from soft x-ray
measurements [3]. The dependence of the normalized inversion radius on g*
shows (r/a)q*~1.0-1.2 in Fig.8, which is similar to the results from TFIR
sawteeth [4]. As the q* is an operating parameter of the plasma, the use of q*
may be more convenient for comparison with the data from other tokamaks than

Qg

5. m=1 mode oscillations

A central ECE signal of Ch.12 at R~3.38 m is shown in Fig.10 with plasma
current (1), neutral beam power (Py;) for a deuterium discharge with B~4 T.
The observed sawtooth period is extended up to ~230 ms during neutral beam
heating. For this discharge, expanded waveforms for all the ECE signals using a
low-pass filter of f =10 kHz are shown in Fig.11 except for Ch.4 and Ch.15,
which are used as a reference channel to extract the pump noises from other
channels. In addition, the ECE locations calculated at t=8.52 s for all the channels
are shown in Table 1. In this figure, the sawtooth collapse occurs at (~8.529 s as
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current (1), neutral beam power (P,) for a deuterium discharge with B~4 T.
The observed sawtooth period is extended up to ~230 ms during neutral beam
heating. For this discharge, expanded waveforms for all the ECE signals using a
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the ECE signals are seen to be inverted at Ch.18 for low field side and between
Ch.5 and Ch.6 for high field side. The precursor and successor oscillations with
an m=1 mode are also clearly observed. The overlap region of second and third
harmonic extraordinary modes is located inside R~2.9 m, corresponding to the
signals of Ch.1 to Ch.6. The influence of the emission from third harmonics on
the second harmonic measurement becomes so significant as the ECE
measurements are made in higher field side beyond the harmonic overlap limit,
since the third harmonic emission can be optically thick.

The spatial profile of the fluctuation level for the m=1 mode at t~8.528 s as
a function of major radius is shown in Fig.12 with the locations of the sawtooth
inversion and the magnetic axis from the equilibrium calculation, where the
fluctuation level is defined as the ratio of the m=1 mode amplitude to the
averaged signal level. It is shown that the m=1 mode is dominantly localized
inside the q=1 surface and the in-out asymmetry of the fluctuation profile is not
so large. In general, the m=1 fluctuation level becomes minimum at the magnetic
axis if the helical distortion of the axis due to the m=1 mode is negligibly small.
So, the axis inferred from such a spatial profile of the m=1 fluctuation level may
be used as an alternative tool in comparison to the equilibrium axis for a test of
the internal consistency in the ECE measurement.

A careful observation of m=1 mode oscillations in Fig.11 suggests a fine
structure in the q=1 surface consisting of a hot spot, an island and a cold region.
Here, the presence of the cold region can be inferred from small dips during
m=1 oscillations (see Ch.7, Ch.17 and Ch.18 in Fig.11). Looking at the observed
island rotation, the frequency and level of the ECE signals associated with the
island are found to be not so changed in crossing the sawtooth collapse. So it may
be said that, while the hot spot disappears after the sawtooth collapse, the island
remains as a new hot spot accompanied with the cold region. Thus, the successor
oscillations seem to represent the rotation of the hot island surrounded by the
cold region. This observation is similar to the TFTR sawteeth reported by
Nagayama et al [5]. However, a different point is the fact that a cold region is
present sufficiently before the sawtooth collapse in JT-60U; it is during the
collapse that a cold region is observed in TFTR. Note that such a cold region 1s
not always observed even in the same discharge.

While the ECE signals are not calibrated at present, the relative shape of the
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T, profile in a mixing region can be inferred assuming that the T, profile is
flattened within the mixing region just after the sawtooth collapse. In Fig.13, the
T, profile normalized to that just after the sawtooth collapse at t~8.529 s,
T/TF, is shown at different timings of t=8.5273 s and 1=8.5277 s, referring to
for an m=1 oscillation shown in Fig.11. The profile at t=8.5277 s clearly shows
an island with a full width of ~15 cm as the T, profile is seen to be flattened at
the low field side.

Using the normalized T, profile, ECE reconstruction is applied for an
oscillation at t=8.5273-8.5282 s as shown in Fig.14. A crescent island formation
is visually manifested along with an hot spot in this figure. Probably, the lower
temperature region like a groove between the island and the hot spot indicates a
cold region corresponding to the dips in the ECE signals as mentioned above.
During the last oscillation before the collapse, the hot spot is found to become
smaller and oval-shaped.

6. Conclusions

As discussed in the present operational performance of the GPS, the
installation of a new detector system in the GPS has been attributed to sufficient
improvement of the noise immunity for the ECE measurement in JT-60U. The
equilibrium analysis has been incorporated into the ECE measurement, so that
the good internal-consistency between the ECE measurement and the equilibrium
calculation is obtained by investigating the sawtooth inversion locations.

The ECE sawtooth inversion radius normalized to the minor radius is
shown to be scaled with the inverse safety factor as (r,/a)q~1.4-1.5 or
(r/a)q*~1.0-1.2. In a typical neutral-beam heated discharge, observation of m=1
mode oscillations in the ECE signals suggests that a fine structure consisting of a
hot spot, a magnetic island and a cold region exists within the g=1 surface.
Supporting that, a preliminary result of ECE reconstruction shows a clear
crescent shape of an m=1 island, a hot spot and a narrow cold region during a

precursor oscillation.
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temperature region like a groove between the island and the hot spot indicates a
cold region corresponding to the dips in the ECE signals as mentioned above.
During the last oscillation before the collapse, the hot spot is found to become
smaller and oval-shaped.

6. Conclusions

As discussed in the present operational performance of the GPS, the
installation of a new detector system in the GPS has been attributed to sufficient
improvement of the noise immunity for the ECE measurement in JT-60U. The
equilibrium analysis has been incorporated into the ECE measurement, so that
the good internal-consistency between the ECE measurement and the equilibrium
calculation is obtained by investigating the sawtooth inversion locations.

The ECE sawtooth inversion radius normalized to the minor radius is
shown to be scaled with the inverse safety factor as (r,/a)g4~1.4-1.5 or
(r/a)q*~1.0-1.2. In a typical neutral-beam heated discharge, observation of m=1
mode oscillations in the ECE signals suggests that a fine structure consisting of a
hot spot, a magnetic island and a cold region exists within the g=1 surface.
Supporting that, a preliminary result of ECE reconstruction shows a clear
crescent shape of an m=1 island, a hot spot and a narrow cold region during a

precursor oscillation.
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Table 1 ECE locations at t=8.52s for Shot E14766

Ch.1 R=2.4556 m
Ch.2 R=2.5506 m
Ch.3 R=2.6447 m
Ch.4 R=2.7381 m
Ch.5 R=2.8259 m
Ch.6 R=2.9194 m
Ch.7 R=3.0010 m
Ch.8 R=3.0856 m
Ch.9 R=3.1665 m
Ch.10 R=3.2417 m
Ch.11 R=33100 m
Ch.12 R=3.3812 m
Ch.13 R=3.4472 m
Ch.14 R=3.5167 m
Ch.15 R=3.5801 m
Ch.16 R=3.6419 m
Ch.17 R=3.7028 m
Ch.18 R=3.7621 m
Ch.19 R=3.8151 m

Ch.20 R=3.8655 m
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Fig. 1 Schematic of the grating polychromator diagnostic system
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Fig. 14 Reconstruction from the ECE signals at t=8.5273-8.5282s
for Shot El4766, showing a crescent shape of m=1 island
and a hot spot with a sequence of 10 contour levels
equally spaced between the minimum and maximum values.



