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ABSTRACT

An integrated system of correlation reflectometers have been installed on the JET tokamak. The
diagnostic consists of three X-mode, heterodyne, dual-antenna (bistatic), correlation
reflectometers. Two of the reflectometers are dual channel systems at fixed frequencies of 75GHz
(edge/SOL measurements) and 105GHz (core measurements) with a selectable poloidal (25mm)
or toroidal (40mm) antenna separation. The third reflectometer is a two frequency system for
radial measurements with one channel fixed at 92GHz and the other swept between 92-96GHz.
All three reflectometers operate simultaneously through the same antenna cluster. The diagnos-
tic can provide unique information on the spatial and temporal characteristics of plasma fluctua-
tions. The capabilities of the system are illustrated with a selection of results.

1. INTRODUCTION

Measuring the correlation and propagation properties of turbulent fluctuations is an important
step in understanding, and thus optimizing plasma confinement in toroidal magnetic fusion de-
vices. One particular diagnostic technique - correlation reflectometry [1] has proved to be very
effective because of its non-perturbing nature and minimal access requirements. Correlation
reflectometers fall into two categories. The first are radial correlation systems [2-10] which use
two or more microwave frequencies launched from the same antenna, i.e. along the same line of
sight or plasma chord. The two microwave beams reflect from plasma cutoff layers at different
radial positions; by varying the frequency differeA¢detween the beams (e.g. sweeping one

of the frequencies) the radial separatlorcan be changed. The radial correlation lengtls L

then defined as the separation at which the cross-correlation coefficient between the two
reflectometer fluctuation signals falls to 1/e. The second class of correlation reflectometers are
transverse systems which measure the toroigar [poloidal Ly correlation lengths [11-14].

Here, two or more microwave beams are launched and received from separate antennas (differ-
ent plasma chords) spatially displaced either toroidally or poloidally. The two beams have the
same frequency, or are very close in frequency, so as to probe the same cutoff layer. Generally
the separation of the antendasis fixed so the correlation length has to be extracted from the
degree of coherence between the signals with an assumption for the form of turbulence or per-
turbation [11].

Ideally one would like to measure the correlation and propagation properties simultane-
ously in the three orthogonal directions - radial, parallel and perpendicular to the magnetic field
[9] - or perhaps even form some kind of image of the plasma turbulence and it's evolution,
preferably at several radial locations, such as in the edge and core regions of the plasma.

As a step towards this goal a system of three integrated correlation reflectometers have
been installed on the JET tokamak. Two of the reflectometers are fixed frequency, dual-channel,
X-mode, toroidal/poloidal systems, one operating at 75GHz and one at 105GHz. These two
frequencies are chosen to give cutoff layers at sensible positions over the widest range of toroidal



magnetic fields and plasma densities at which the JET tokamak operates. At lower toroidal
fields (2.5Tesla) the 75GHz and 105GHz reflectometers have cutoffs in the outboard edge and
core plasma regions respectively, while at higher fields (3.4T) the cutoffs straddle the plasma
separatrix or the H-mode transport barrier.

The third reflectometer is a dual-frequency radial correlation system with one frequency
fixed at 92GHz and the other swept between 92 and 96GHz. This frequency range is a compro-
mise between hardware restrictions and the desire for a reasonable range of spatial separations
(a few cm), as well as providing a third radial point between the two toroidal/poloidal systems.
All three reflectometers share a common waveguide transmission system and antenna cluster
(bistatic geometry), launching horizontally from the low field (outboard) side of the tokamak
mid-plane [15].

This paper describes the reflectometer hardware, and specifically a novel heterodyne de-
tection scheme to minimize the number of microwave oscillators in the toroidal/poloidal sys-
tems. The waveguide transmission and antenna systems are also described since they critically
affect the system design and performance. The behaviour, resolution and performance of the
individual reflectometers are discussed in relation to the design criteria and the hardware restric-
tions. The capabilities of the diagnostics are then illustrated with a selection of results from
different operational conditions and plasma fluctuations.

2. FIXED FREQUENCY REFLECTOMETERS

The two toroidal/poloidal reflectometers are similar in design and operation, although not iden-
tical in performance. The 75GHz system was built in-house while the microwave hardware
section of the 105GHz system was built to a much tighter specification by IRE, Ukraine [16] and
hence has a somewhat better phase performance. Figure 1 shows a schematic of the microwave
and electrical circuit. The black lines represent waveguide components while electronic compo-
nents and coaxial cable connections are shown in grey.

There are two separate reflectometer channels, each with a transmitter and receiver
waveguide and horn antenna. The transmitted signals are generated by two Varactor tuned Gunn
oscillators which are locked together with a constant 10.7MHz frequency difference using a
phase locked loop (PLL) circuit. The PLL compares a reference signal derived from mixing
samples from both sources, and a crystal oscillator. The frequencies of the two channels are
sufficiently close together that they can be considered to be reflected from the same plasma
cutoff layer, but far enough apart to allow discrimination by the receivers, even in the presence
of broadband (MHz wide) turbulence.

The received signals are down-converted to an intermediate frequency (IF) of 10.7MHz.
In a normal heterodyne receiver separate local oscillators (LO) are required for each channel,
but the novel feature of this circuit is that the two transmitter oscillators are themselves sepa-
rated by 10.7MHz and hence can act as local oscillators for the other channel’s receiver. Thus
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Fig.1: Schematic of the fixed frequency (75GHz or 105GHz) dual channel toroidal/poloidal correlation reflectometer.
Thick lines represent waveguide, Thin lines represent electronic circuitry.

only two microwave sources are required instead of the usual four. The receiver operation is
illustrated by the spectral schematics along the bottom of Fig. 1. By mixing with the ‘“Tx.1’
source the channel 1 reflected signal is down-converted to zero frequency (homodyne compo-
nent) while the channel 2 signal is down-converted to the ##@f7MHz (heterodyne compo-
nents). Likewise in the other receiver mixing with the ‘Tx.2’ source generates heterodyne com-
ponents for the channel 1 signal. The homodyne signals are removed by AC coupling to +30dB
amplifiers and then via wide-band (5-20MHz) isolating transformers to matched Incident and
Quadrature (1Q) detectors (1&0.01MHz RF, DC - 1MHz video bandwidth, better than 2%
amplitude matching and®2juadrature accuracy). The IQ’s use the derived 10.7MHz reference
signal as their LO to generdtandQ (i.e. AcogpandAsing) signals for each channel.

One advantage of this circuit is that any crosstalk between the channels will appear in the
receivers at the homodyne frequency, which is removed. Also, the PLL ensures that frequency
drifts in the free running master oscillator (Tx.1) are tracked by the slave oscillator (Tx.2), so
only the spectral width of the master oscillator (very small if the oscillator is cavity stabilized)
contributes to the phase jitter in the return signals. With a PLL the need for delay lines in the
reference signal arms (LO) of the heterodyne mixers is also alleviated.

3. SWEPT FREQUENCY REFLECTOMETER

The radial correlation reflectometer also has two channels, one fixed in frequency at 92GHz and
the other swept between 92 and 96GHz. The microwave and electrical circuit is shown
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Fig.2: Schematic of the dual frequency 92-96GHz swept radial correlation reflectometer. Thick lines represent
waveguide, Thin lines represent electronic circuitry. The dashed boxes enclose the IQ circuit.

schematically in Fig.2, again black represents waveguide components while grey represents
electrical. The microwave hardware section was supplied by ELVA-1 Ltd. [17]

The transmitted signals are generated by two separate DRO stabilized transistor oscilla-
tors, one fixed at 7.666GHz and the other swept via a digital controller (DAC & PC) over the
range 7.666 to 8.000GHz. The signals are up-converted by a factor of 12 in frequency using
active multipliers, filtered, amplified (15mW for swept channel, 150mW for the fixed channel)
and then combined onto a single launch waveguide using a 10dB directional coupler to equalize
the power levels.

The received signal is down-converted to an IF of 2 - 6GHz using a mixer with a 90GHz
cavity stabilized Impatt diode LO. The IF signal is amplified and fed via a 4 way switch (used in
the calibration procedure described below) to the RF inputs of two 1Q demodulator circuits
(shown as dashed boxes). One IQ circuit generates a pair of incident and quadrature signals for
the fixed channel using a 2GHz reference LO (derived from mixing the 92GHz source with the
90GHz LO), and the other generates IQ signals for the swept channel using a 2 - 6GHz reference
derived from the swept source and the 90GHz LO.

It is difficult to make 1Q circuits behave ideally across broad IF bandwidths. Here, both
the fixed and swept channel 1Q circuits are formed from separate (2 - 6GHz) splitters, (1 -
12GHz) quadrature hybrid splitters and mixers. Line stretchers in Ye/Bfid arms allow the
phase quadrature of the circuits to be optimized at 2GHz. At other frequencies however there
can be substantial variations in the amplitude balance (<10%) and the phase quadfature (10



which also vary with ambient temperature. Fortunately the sources are stable to within 100MHz
over a period of hours so the IQ circuits can be calibrated aha@iits) signals later corrected
in software.

This calibration procedure is performed in three steps, as shown for a typical case in Fig.3.
Step 1: the four-way switch connects the ‘RF inputs’ of the 1Q circuits tQalathmy load and
the swept source is taken through its full range while recording the DC dffaedQ, of each
channel pair. The top trace of Fig.3 shows that the offsets in the swept channels can vary sub-
stantially with the source frequency.

Step 2: the RF inputs are connected to the 2GHz reference (attenuated by 10dB) and a
slow, short sweep of the swept source is made around the nominal 92GHz position. When the
frequencies of the two sources coincide a resonance is observed in the swept channel IQ outputs.
The DAC setting for the swept frequency source at which this occurs is recorded.

Step 3: the RF inputs are connected to the 2 - 6GHz reference signal via a 25ns delay line
and the swept source is again taken slowly through its full range.ard signals from the
swept channel 1Q circuit show a series of fringes. Integrating the fringes from either signal
allows the relative change in the frequency of the source to be measured as a function of the

~

T

e

>

(8]

c

=

1500 o

DC offsets i

[%2]

o 1000F . . 3

< Coincidence Acos(¢) fringes 9

= 500 2

£ %

e o

= -500f

e <

» -1000 i)

]

-1500F Pos.1  Pos.2 Switch Pos.3 =

€

5 =

S s500f 92GHz g

g o ' 94GHz &

3 — | g
g ﬁ . S .
S 500 s 2 ;
3 : 2 :
E -1000L | | | | | | | | g 8 =20, | | | | L3
0 1 2 3 4 5 6 7 8 o 5000 10000 15000 20000 25000 30000

Time (sec) Swep system (DAC bits)

Fig.3: Two Acogtime signals, one from the swept freFig.4: Calibration curves obtained from the calibration
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DAC setting. At the same time, the phase differefdceetween theé andQ signals and the
amplitude ratio can be measured (from the Fourier transform of the fringes) and hence a calibra-
tion curve obtained.

Figure 4 shows the calibration curves of swept frequency vs DAC setting together with
the amplitude ratio, phase quadrature and offsets for the calibration sweep of Fig.3. During the
last calibration step observing the fixed frequency 1Q outputs allows the positions of crosstalk
between the sources at the harmonics of the fixed 2GHz IF frequency to be verified; these are
then avoided when the sweep/step pattern is finally programmed into the source DAC.

4. WAVEGUIDE & ANTENNAS
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connect to four 1m long 25dB gain pyramidal horn antennas with apertures of 40mm by 25mm.
The horns are clustered in a rectangular array with centres separated 40mm horizontally
(toroidally) and 25mm vertically (poloidally), shown in Fig.5(b), and point radially inward from
the tokamak low-field side, slightly above the typical plasma magnetic axis.

The fixed frequency systems use horns on one diagonal of the antenna cluster to transmit
the two channels, and horns on the other diagonal to receive. By switching the positions of the
two receiving antennas, using special waveguide cross-over sections just prior to the mixers, the



reflectometer channels can be configured to have either a toroidal or a poloidal separation. The
swept frequency system launches and receives via one of the transmit and receive antenna pairs.

At the nearest reflection layer (plasma edge: 1 to 1.5m away) the antenna spot size is of the
order of 10 to 12cm in diameter (10dB point), which means that the transmit and receive antenna
patterns overlap significantly. One of the original aims of the diagnostic was to have as small
spot size as possible over the full range of reflection layer locatidRs: (Im) in order to
maximize the sensitivity to transverse perturbation wavelengths [18]. However the antenna de-
sign was severely limited by practical constraints. The antenna structure had to fit within the
available space of an already crowded JET port, which meant the antenna dimensions had to be
rather modest [15]. In addition the antenna cluster was displaced from the vacuum windows,
requiring a tortuous path of fundamental waveguide within the vessel. Taken with the require-
ment for a wide microwave frequency coverage these considerations lead to the selection of an
X-mode launch.

5. DATAACQUISITION & SIGNAL CONDITIONING

In the current implementation the diagnostic employs three separate data acquisition systems,
each with a different purpose. The first is a fast sample rate system (up to 2MHz) consisting of
three parallel transputers controlled by a PC. The PC also controls the programmable frequency
DAC for the radial correlation reflectometer. Currently up to 4Mbyte of data can be collected
from up to 15 separately triggered time windows. This allows multiple ‘snap-shots’ of the be-
haviour of the high frequency turbulence during a single plasma discharge. The second acquisi-
tion system, called CATS [19], simultaneously digitises signals from a variety of diagnostics
(soft X-ray cameras, ECE, magneticg; €tc.) using a common clock for up to 2 seconds at
1MHz. This system is useful for studying global events such as ELMs and coherent MHD modes.
The third acquisition system is a slow (few kHz) 32kbyte CAMAC based digitiser which pro-
vides an indication of the level of reflected power (carrier strength) and the overall fluctuation
level during an entire plasma discharge. Here paifsimipandAcospsignals from each chan-
nel are squared, added, averaged and then square-rooted using analogue CRMS (complex root
mean squarer) circuits. The RMS signal is then split, one part low-pass filtered (DC to 10kHz) to
give the carrier strength, and the other part high-pass filtered (10 to 100kHz) to give the fluctua-
tion level.

The rawl andQ signals need to be corrected to remove the DC offsets, phase deviations
and amplitude imbalances etc. This is performed after digitization using

ASin(p:Q_Qo (1)
_ I_Io _Q_Qo
ACOSP= 6o tand @)

whereA is the amplitude ratiagp the phase quadratuig,andQ, the DC offsets obtained from
the calibration for each channel and frequency. The phase and amplitude fluctuations can then



be separated using the quadrature nature of the signals, or the signals can be combined to form a
complex amplitude Aexp@) signal, depending on the analysis to be performed.

6. SYSTEM PERFORMANCES

The performance of each system depends primarily on the frequency stability of the microwave
sources. For the 75GHz system the 3dB spectral line-width of the Gunn oscillators is <100kHz,
while for the 105GHz system it is <10kHz. A 10kHz line-width translates to a negligible phase
jitter (<0.2%) over the 40m round trip to the plasma and back.

The swept frequency source in the 92 - 96GHz system however has a broader line-width
of <500kHz. Therefore a 120ns delay line is required in the 2 - 6GHz reference line to reduce the
several degrees of phase jitter that would otherwise result from the plasma arm delay. This delay
line however introduces a small phase jitter due to the 5kHz line-width of the 90GHz oscillator,
but this is comparable to the phase jitter of the fixed 92GHz source (line-width of <20kHz)
which has no delay line. In this way the phase noise (FM) at the output of both the swept and
fixed channels is equalized at a level of a fraction of a degree over the 1MHz video bandwidth.

The swept frequency system can be swept rapidly (400pdz) but it was principally
designed to operate in a frequency stepped mode so as to avoid waveguide resonances. The
limiting factor in the step rate is the i9settling time of the DAC and the driver electronics.
With careful calibration the system can operate reliably with a frequency sep&fadibiess
than 20MHz.

The oversized waveguides have a single pass attenuation of typically around 9dB, while
for the fundamental guide sections it is approximately 6dB. The total round trip attenuation
however is closer to 60dB when the plasma reflection and scattering is included. This demands
good isolation (i.e. minimal cross-talk) between the transmitter and receiver. In practice the
75GHz system achieves greater than 90dB isolation, and the 105GHz and 92 - 96GHz systems
greater than 110dB. The waveguides tend to be more lossy at the lower end of the microwave
band requiring more launch power for the 75GHz syst&fdmW, compared to 23mW for the
105GHz system. The signal to noise ratio (s/n) for all the systems is typically greater than 36dB,
which is more than sufficient for reliable measurements. An example IF spectrum from one
channel of the 75GHz reflectometer recorded during the ohmic phase of a plasma discharge is
shown in Fig.6.

The gains of the IF amplifier chains are adjusted so as to use the maximum dynamic range
of the ADCs, however, the signal levels can also vary by 30dB or more due to variations in the
degree of reflection. Typically the plasma axis is located some 20cm below the antenna cluster
leading to substantial scattering and refraction of the reflected beams due to vertical tilting of the
cut-off layers. The degree of cut-off layer tilt depends on the radial position of the layer, the
plasma axis height and the plasma shaping, e.g. triangularity, all of which vary dynamically
during a discharge. For example Fig.7 shows (a) the mean reflected microwave power (carrier
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Fig.6: Typical IF spectra from a 75GHz channel showfig.7: Evolution of (a) mean reflected microwave power

ing a dynamic range in excess of 40dB during the ohm{carrier strength), (b) RMS fluctuation levels (from 10

phase of a plasma discharge. to 100kHz) from a 75GHz (light) and 105GHz (dark)
reflectometer channel; together with (c) line integrated
central plasma density, and (d) the plasma current Ip
and toroidal field Bt during a typical H-mode discharge
(shot #43920). Note ‘blips’in the NBI power cause cor-
responding variations in the reflectometer signals.

strength) and (b) the RMS fluctuation level from 75GHz and 105GHz channels through the
ohmic, X-point and neutral beam heated phases of a H-mode discharge. The carrier strength
improves as the cut-off layers move out during the beam heating phase, shown by (c) the core
line averaged density, and falls during beam drop-outs. Observations also confirm that the lower
the axis and the higher the triangularity the poorer the reflection.

The magnetic field pitch angerelative to the horizontal can be up t& #8the plasma
edge, which, as well as having implications for mode conversion, also affects the measured
correlation properties. Wheth# 0 the toroidal; and poloidalp correlation lengths contain
components of both the parallgj and perpendiculdry lengths. However previous observa-
tions [11] indicate thdt is of the order of metres while; is expected to range from a few mm
to several cm. In this cadg,= L/sind andL, = L/co. When the reflectometers are configured
with a poloidal separation the signal correlation is usually very poor (10 to 20%) which is most
likely due toL, being comparable to, or smaller than the 25mm antenna separation. As expected,
the toroidal configuration gives much higher correlation levels of 40 to 80%. This highlights the
compromise between the desire for optimal antenna separations, i.e. not too large, and large
antenna dimensions to obtain small spot sizes and hence short wavelength sensitivity.



7. ILLUSTRATIVE RESULTS

A wide range of coherent MHD modes and tur- soo TR .
bulent fluctuation phenomena have already o i
been investigated using the reflectometer syg- 7 .f [

tem [20,21]. However four examples are seg 20F
lected to illustrate the unique features affordeE

by multiple radial and toroidal channels.

500
7.1 Radial correlation of turbulence bursts b (b) Amplitude

—

The first example demonstrates the value @
separating the phase and amplitude fluctuatiorg’s250 L
when measuring correlation lengths. Fig.%
shows contour plots of thﬁ coherence spec- :
tra as a function of time (moving FFT) between 1.0
(a) the phase and (b) the amplitude fluctuation
signals from two fixed radially separated chan’
nels (92.0 and 92.5GHz). The spectra show N T N
bursts of enhanced broadband coherence (f < 0o Tilr:f(s) 1000 190
400kHz). In each burst the coherence isg.8: Contour plots of cohereng&(w) spectra vs time
stronger between the amplitude fluctuationgor (2) phase fluctuations and (b) amplitude fluctuations
i ) Lo ) between two radially separated channels (92.0 and
Such intermittent variation is common in JE, sghz_ A ~2.5mm), during the H-mode phase of

discharges and often has a period as short ashet #39625, and (c) the frequency averaged ‘coherency’

few ms. In this case rather than attemptinyquaredyz vs time for phase (dashed line) and ampli-
de (solid line) fluctuations. The mean cutoff layer is in

to measure the whole radial correlation prane plasma edge at r20.9

file using fast frequency sweeping a two point

correlation technique is used. Measurement theory [22] gives expressions for the mean and
mean square of tHespectrum

L ©
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k(w) = O(w)/Ax (3)

K2(w) = 21— y(w)} | AX? (4)

(providedk.Ax < 172) where®(w) is the cross-phase ay@o) the coherence spectra [23]. The
spectrum widtloy is then

o, = k2 - k2 (5)

For Gaussian turbulence the spectral width is related to the correlationllgrgth2/a, .

With a cutoff layer separatioix — Ar = 2.5mm obtained from a flux surface reconstruction
(EFIT), density profiles from a Lidar Thomson scattering diagnostic, and the frequency aver-
aged ‘coherency’ (Fig.8(c))

10
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where§w) is the spectral intensity, radial correlation lengthis,gf= 5.0mm and.;y = 3.5mm
are obtained for the amplitude and phase signals. The discrepancy befweedL, is not
unexpected. A 2D simulation model [24] suggests correction factors of

y= (6)

V3
- [Brms U -
L =Ly e andl, = V2L 7)
With @nms = 90°, these corrections give a consistent radial correlation length of 10mm
during the burst and, < 2mm in between. The main errordyarise, predictably, from uncer-

tainties inAr.
7.2 Toroidal propagation velocities

As well as correlation lengths, two point measurements can give propagation velocities and
directions. Figure 9 shows tkéw) dispersion curves (equation 3) from edge turbulence during

(a) ohmic and (b) 6MW ICRF heated ELM-free H-mode phases of shot #38474. The dashed line
is the dispersion curve from phase fluctuations and the solid line from amplitude fluctuations
with a toroidal separation @&x = 40mm. The linear dispersion region shows an increase in the
toroidal propagation velocity = w/k (in the laboratory frame) from around 18KkMmi the

ohmic phase to over 40kis$n the H-mode. The level of edge and core fluctuations also rise (a
side effect of the intense RF heating in this shot) and the toroidal correlation length decreases
from over 60mm to less than 40mm.

Pulse No: 38474
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Fig.9: Wavenumber - frequency spectra (dispersion curves) of edge turbulence during (a) the ohmic and (b) 6MW
ICRF heated H-mode phases of shot #38474.

11



During NBI heating the edge propagation velocity often exceeds 15bkmisgenerally
match plasma rotation velocities measured with a charge exchange diagnostic [6]. Simultaneous
measurements with the 75 and 105GHz systems also indicate radial shearing in the toroidal
velocity in many discharges. In shot #38474 the phase and amplitude signals give roughly simi-
lar velocities, but this is not always the case. Many examples have been recorded where the
phase signals give a slower propagation velocity than the amplitude signals. This may be an
artifact of the diagnostic technique, which requires further investigation.

7.3 Coherent modes

The next example is of a coherent mode.
Figure 10 shows spectra recorded at three ra- 100
dial positions, (ay/a = 1 (75GHz), (b)/a =

0.9 (92GHz) and (c)/a = 0.8 (105GHz) just i ]

ramping down in the ELMy H-mode discharge 10
#38882. Outside the separatrix, (a) there is onlylgc';
large amplitude low frequency turbulence, but
inside the separatrix (b) there is a strong ;o
120kHz mode which extends inward radially% 1072
for more than 100mm (c). There is also a 107
220kHz mode but this is more localized to the 10
edge. Strong MHD modes often appear at thel(f;
termination of an H-mode. 10°
The 120kHz mode is extremely coher-; 10
ent, as shown by thf,? coherence spectra in§ 1072
Fig.11 between (a) between two channel at 10
a = 0.8 with a toroidal separation of 40mm, 12:2?}?‘5‘?“{ R
and (b) the channelsea = 0.9 and 0.8 with a ' Fromuency (Hz) 1000
radial separation of about 100mm. Between thmy.10: Three spectra showing a strong MHD mode at
radially separated channels the cross-phasel@k"'z in the phase and amplitude fluctuations from
o . . (a) rla=1.0 (75GHz), (b) r/a=0.9 (92GHz) and (c) r/a
zero, which indicates no radial propagation. The; g (105GHz) for JET shot #38882, just as the NBI
toroidal cross-phase however shows a lineand ICRF heating switch off.
dispersion relation with a phase velocity of
around 180kmig which gives & of about Sradrit at thefmode =120kHz peak. This phase
velocity matches the plasma toroidal velocity wgiR = 185kmél, wherewygt = 50kradg is
the toroidal rotation frequency measured with the charge exchange spectrometer at a radius of

3.7m {/a=0.8). Assuming the MHD mode is rotating with the plasma a toroidal mode number

E 75GHz

(b)

¢

92GHz

99.110/8¢c
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n of 15 is obtained fromnode= Wrot /21T % N. Thisn number also matches the results obtained
from toroidally spaced magnetic pickup coils. The magnetics also indicates that the mode peak
coincides with ay = 2 rational surface. Once timenumber is known the wavelength is then
given byA = 2nmR/n = 1.55m, ok = 4.1radrr'11, which again agrees well with the reflectometer.

(a) Toroidal (b) Radial

o
[22)
T

CCoherence y?
o
=
\

0 RETIT] B R

Cross—-phase (rad)

JG99.110/9¢c

1 10 100 1000 1 10 100 1000
Frequency (kHz) Frequency (kHz)

Fig.11: Thef coherence and cross-phase spectra for the coherent MHD
mode of fig.10 (shot #38882), between (a) the two 40mm toroidally sepa-
rated channels of the 105GHz reflectometer, and (b) between channels
of 92 and 105GHz reflectometers with a radial separation of about
100mm.

7.4 Edge localized modes

Edge Localized Modes (ELMs) are a common feature in H-mode plasmas. Figure 12 shows a
contour plot of the time-delayed cross correlation coefficient between amplitude fluctuations
from two channels of the 75GHz reflectometer (toroidal separaton 40mm) during the
ELMy H-mode phase of shot #38102 where the cutoff layer is just inside the separatrix. The D
signal above the contour plot shows two type-l ELMs. Between the ELM events there is a
narrow ridge of high correlation which corresponds to broad band turbulence, as shown in the
accompanying power spectra. The peak in the correlation is displaced from zero time delay
giving a toroidal propagation velocity of 20Kihs

During the ELM event, indicated by the,Durst, the toroidal coherence is completely
disrupted, and the turbulence level drops, as shown by the second power spectrum. Also during
the ELM, and after, the raw reflectometer phase signal displays many fringes indicating a very
rapid (on the scale of microseconds) and a very large (several cm) radial movement of the cutoff
layer. The phase nearly always increases suggesting an inward movement.
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10"

After each ELM the turbulence re-estab-
lishes on a time-scale of 3 - 4ms, with the lower
frequencies recovering first. This is suggestive
of energy cascading from longer to shorter
wavelengths, although of course the plasma

Power

" u;;\y/:’“ w ‘

L L L L L L L
10™ 1 10 100 1000 1 10 100 1000 1 10 100 1000

Frequency (kHz) Frequency (kHz) Frequency (kHz)
8 \

rotation velocity also receives a ‘hicup’ during
the ELM which might account for some of the
1 JL frequency shift. The wide “striation’ in the cor-

relation after the ELM corresponds to a 2kHz
: 1 ” 0050 U@“@ o ” oscillation, which is also seen on the SXR cam-
‘ ‘ eras, followed by a strong coherent post-cur-
sor, or ringing mode at 75kHz lasting some
12ms or more. Post-cursor modes are very of-
ten observed, but pre-cursor MHD modes are
hardly ever seen, in either the magnetic or the
Fig.12: Contour plot of time-delayed correlation coe1‘fi-reflect()meter signals. The radial correlation

cient between amplitude fluctuations from two toroidalhalso shows the same turbulence collapse, re-
separated channels of an ELMy H-mode (shot #3810280very striation and post-cursor mode.

The Do trace shows two type-l ELMs and the three '
Fourier spectra show turbulence levels before, during
and after the first ELM.

Da (volts)

Delay (js)

Time (s)

8. DISCUSSION

The correlation reflectometer system described in this paper has many features which make it a

versatile tool for the collection of density fluctuation data in a difficult experimental environ-

ment with only modest access. The principal features are:

1. the ability to select between poloidal or toroidal correlation measurements using the same
microwave circuitry without intervention in the machine hall,

2.  the ability to combine these measurements with simultaneous radial measurements using
the same antennae, and

3. the ability to separate amplitude and phase fluctuations on all channels.

In addition, the ability to sample on three time-scales ranging from one fast enough to
observe the time evolution of microturbulence induced fields, to one slow enough to provide an
overview of the long JET pulses, allows a guided and efficient exploration of the plasma fluctua-
tion phenomena.

A small selection of results were presented to illustrate the capabilities (and limitations) of
the diagnostic. Although some care is required in the interpretation of two-point correlation
measurements due to the multiplicity of toroidal and radial effects that can occur [11], the results
show that two point measurements are more than capable of providing practical estimates of
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correlation and propagation properties in most circumstances. While some form of ‘imaging’
reflectometer might avoid some of the limitations of two-point measurements for long wave-
length turbulence, it is questionable whether such a diagnostic would be practical (financially
and technically) for a large fusion device.

An important result obtained from this diagnostic is that the phase and amplitude fluctua-
tions do not always display the same phenomena. Temporal variations in the correlation be-
tween the phase fluctuations are often out of synchronization with the correlation between power
fluctuations, i.e. when the phase correlation is high the amplitude correlation is low, and visa
versa. Simulation studies [24] suggest that this may in fact be an inherent characteristic of the
reflectometer diagnostic.
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