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OBSERVATION OF MHD STRUCTURES 
IN JET TEMPERATURE PROFILES 

M.F.F. NAVE*, A.W. EDWARDS, K. HIRSCH**, M. HUGON, 
A. JACCHIA', E. LAZZARO', H. SALZMANN*, P. SMEULDERS 
JET Joint Undertaking, 
Abingdon, Oxfordshire, United Kingdom 

ABSTRACT. Flat regions observed in the profiles of the electron temperature measured by LIDAR Thomson 
scattering provide evidence for the existence of helical magnetohydrodynamic resistive mode structure in JET 
discharges. Comparison with profiles of the safety factor q, determined from magnetic equilibrium calculations, 
shows that the most prominent regions are located close to rational values of q. The flat regions are also correlated 
with perturbations observed with other independent experimental measurements such as soft X-rays, electron cyclotron 
emission and Mirnov oscillations. 

1. INTRODUCTiON 

In a tokamak, the non-linear stages of tearing modes 
arising from finite resistivity effects are expected to 
develop magnetic islands at surfaces where the safety 
factor q is rational [ 1, 21. Theoretical arguments predict 
that the background axisymmetric profiles of pressure 
and current could relax locally to a force free configu- 
ration with vanishing gradients across the islands [2, 31. 
The magnetic islands are considered to be responsible 
for Mirnov oscillations, and their unstable evolution is 
related to disruptions [4]. 

Early experimental evidence for flattenings in the 
temperature profiles was provided by Thomson scattering 
techniques, before disruptions in Pulsator [5] and in 
steady state conditions in Wendelstein VII-A [6]. Island 
structures were further observed in PLT, Wendelstein 
VII-A and JIPP-TI1 using X-ray tomography [4, 7, 81. 
Perturbations looking like small humps were also 
observed in the emission profiles of the bremsstrahlung 
continuum radiation measured in TJ-I [9]. 

In JET, the development of soft X-ray (SXR) tomo- 
graphy analysis [ 101, electron cyclotron emission (ECE) 
heterodyne measurements and ECE multichannel spectro- 
metry has provided direct proof of the flattening of 
X-ray emission and temperature profiles in events 
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associated with disruptions and partial sawteeth. 
Island structures and flattening of the profiles were 
seen, located at q = 1, associated with partial sawteeth 
[ l l ] ,  and located at q = 2, associated with events 
preceding a disruption [lo,  12-14]. 

More recently, the electron temperature and pressure 
profiles measured in JET with the new LIDAR Thomson 
scattering system [15, 161 showed that regions of reduced 
slope occur very often and can be associated with a 
variety of magnetohydrodynamic (MHD) activity in non- 
disruptive conditions [ 171, Comparison with the safety 
factor profiles obtained from the solution of the magnetic 
equilibrium problem from measured magnetic and 
diamagnetic signals [ 18-22] has shown a correlation 
between the location of low order rational q values 
and localized flat regions of the electron temperature 
[17]. Perturbations at the same radial positions are also 
observed with SXR and ECE diagnostics for the data 
analysed and are at the same time visible on external 
magnetic probes. (A review of JET diagnostics is given 
in Ref. [23].) In JET, magnetic oscillations are observed 
with frequencies ranging from zero (locked modes) to 
around 100 kHz. From the analysis of the magnetic data 
the poloidal and toroidal mode numbers can be deter- 
mined as well as the location of the 0 and X points [ 131. 
A wide range of MHD activity is normally observed as 
a discharge evolves in time, the most important modes 
being those with low mode numbers: (1, l ) ,  (2, 1) and 
(352). 

Unlike methods of mode analysis requiring line 
inversion techniques the LIDAR and ECE diagnostics 
provide a direct local measurement of the profile struc- 
ture of JET discharges. Here we discuss results obtained 
with the LIDAR system. The LIDAR system has some 
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advantages over conventional Thomson scattering systems 
in the detection of flat regions since it uses the same set 
of detectors and thus the same set of calibration constants 
for measurements at different radii. This eliminates 
spurious flat regions caused by interspatial channel 
calibration errors. With the LIDAR system, one 
effectively takes a snapshot of the temperature profile, 
with an exposure time of - 7  ns. Since several flat 
regions (each one associated with a different value of 
q rational) can be observed simultaneously, the LIDAR 
profiles may provide an immediate insight into the 
magnetic topology of the JET plasma. However, since 
at present the LIDAR profiles have a spatial resolution 
of 9 cm, we will restrict our analysis to large pertur- 
bations that are outside the error bars caused by photon 
statistics. 

We present a data analysis showing the correlation 
between the LIDAR measurements and the data obtained 
from several other diagnostics. In Section 2,  we discuss 
examples of individual discharges with electron tem- 
perature (T,) profiles which clearly exhibit flat regions 
associated with a range of MHD activity with low order 
poloidal and toroidal mode numbers (m, n). In general, 
several flat regions are observed simultaneously; 
however, for the sake of clarity, perturbations related 
to different mode numbers are discussed separately. 
In Section 3, we discuss the conditions where smoother 
LIDAR profiles have been observed. In Section 4, we 
present the results of a statistical analysis involving 
1988 JET discharges which shows the correlation of 
the temperature profile perturbations with rational 
q values. Section 5 is a summary, and the Appendix 
gives details of the LIDAR system and a series of 
measurements carried out to check for possible 
spurious profile effects. 

2. ANALYSIS OF INDIVIDUAL DISCHARGES 
EXHIBITING LARGE FLAT REGIONS 
IN THE TEMPERATURE PROFILES 

2.1. General view 

LIDAR T, profiles, measured in the equatorial plane 
of JET, are in general non-smooth, showing changes of 
inflection, flat regions and in some cases humps, at 
several radial positions. Non-smooth temperature profiles 
are observed under a variety of operational conditions, 
occurring with both Ohmic and auxiliary heating. The 
shape of a perturbation is quite often within the experi- 
mental error; therefore, in this paper, we will always 
refer to a perturbation as a 'flat region'. For most of 
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statistical error bars. The boies indicate the positions of rational q 
surfaces and their spatial uncertainty. 

the large flat regions, i.e. outside the experimental 
error, a correlation with MHD activity is found, as 
will be shown in the examples below. 

A LIDAR T, profile which clearly exhibits large 
perturbations, which cannot be explained by experi- 
mental uncertainties, is shown in Fig. 1. The error 
bars indicate one standard deviation and are due to 
the photoelectron statistics of the raw LIDAR signals. 
This profile was taken during ion cyclotron resonance 
heating (ICRH), 130 ms after a sawtooth crash, when 
the centre of the plasma has already been reheated. 
Also shown in the figure are the positions of rational 
values of q. 

The q profiles in this paper were reconstructed using 
what is now an established non-linear least squares fit 
of the externally measured tangential magnetic field 
distribution, under the constraint of satisfying the 
equilibrium Grad-Shafranov equation with the addi- 
tional enforcing of the diamagnetic measurement [ 191. 
This technique has been repeatedly tested on given 
calculated and experimental equilibria [ 18-21] to 
establish its space resolution and its response to 
perturbations of the signals to alternative choices 
of the parametrized functional form for the toroidal 
current density J,(R, q). The results of many sensitivity 
studies now published [20, 211 indicate that the resolu- 
tion afforded by the magnetic (and diamagnetic) 
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functions, vanishing at the plasma boundary, affects 
the determination of the q profile by less than the 
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FIG. 2. Observations at different times as a discharge evolves 
through the current flat-top. (a) T, and magnetically identified 
q profiles. (b) Time behaviour of plasma parameters: total plasma 
current, auxiliary heating power, central temperature, and time 
derivative of the perturbed poloidal magnetic field (from an n = I 
combination of pick-up coil signals measured at 45’ above the 
midplane on the lower field side). 

response to errors in the measurements and therefore 
is not a serious cause of error. 

Figure 1 indicates a correlation between the calcu- 
lated positions of rational values of q and the positions 
of the observed flat regions. The error of f 1 5 %  in 
the centre leads to a variation of the q = 1 radius of 
f 10 cm. This is combined with an uncertainty of 
3 cm on the absolute position of the LIDAR profile, 
and a spatial resolution of 9 cm due to the response 
time of the detection system and the laser pulse length. 
The statistical analysis discussed later confirms the above 
correlation and also ECE data show the existence of a 
large flat region around the sawtooth inversion radius, 
coinciding in position with the central flat region in the 
LIDAR profile, while the magnetic pick-up coils indicate 
the presence of rotating n = 1 and n = 2 modes. 

The LIDAR profiles are currently available only at 
intervals of > 1 s and therefore it is not possible to 
study in detail the evolution in time of the size of the 
T, plateaus, except in the special cases of locked modes 
which can last up to several seconds. The following 
example shows that the nature of the MHD activity 
associated with the flat regions may change as the 
discharge evolves in time. 

two different times and operational regimes for the 
same discharge. Information about the discharge and 
the magnetic perturbation measurements is shown in 
Fig. 2(b). One profile in Fig. 2(a) with the higher 
central q value has been taken at the beginning of the 
current flat-top during the Ohmic heating (OH) phase. 
The other profile has been measured during the addi- 
tionally heated phase in the discharge. One can see a 
modest movement of the q = 2 surface by 10 cm on 
the high field side, from 2.4 to 2.3 m, between these 
times; a corresponding displacement of the flat region 
in the LIDAR profile close to this surface is observed. 

Figure 2(b) shows that the T, profile at t = 4 s was 
taken before the appearance of sawteeth in the Ohmic 
regime. The T, profile at t = 10 s was measured at 

Figure 2(a) shows the T, and q profiles obtained at 
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the beginning of a ‘monster sawtooth’, i.e. a sawtooth 
free period followed by a large sawtooth collapse [24], 
which started when combined neutral beam injection 
(NBI) heating and ICRH was applied. In this particular 
case, the amplitude of the n = 1 activity is five to ten 
times larger than is normally observed during a ‘monster 
sawtooth’. (Sawtooth free periods will be discussed 
further in Section 3.) 

presence of two n = 1 modes, one with the frequency 
of the plasma central rotation (a broad spectrum does 
not allow for an unambiguous identification of the 
poloidal number) and an edge mode with a lower 
frequency identified as an m = 4 mode . The ECE 
data, just before the sawtooth free period, show a 
sawtooth inversion radial position of 3.45 m, in 
agreement with the calculated q = 1 position and 
the location of the central perturbation observed in 
the T, profile. 

In the previous examples, the central flattenings 
associated with the m = 1, n = 1 modes are seen on 
both sides of the profiles. It is not always possible to 
distinguish between the effects of an island and a partial 
sawtooth crash leaving behind a symmetric ring of flat 
temperatures [ l l ] .  However, often only one central 
m = 1 structure is observed, which changes sides as 
the mode rotates, as will be shown below. 

These examples also show that the perturbations are 
wider on the inside of the profiles, i.e. on the high 
field side. This is generally observed and is consistent 
with predictions of tearing mode theory in toroidal 
geometry [26, 271. Numerical simulations with the 
fixed boundary resistive stability FAR code [28] show 
that for the m = 2, n = 1 mode, a factor of two could 
be expected between the inside and the outside island 
widths [27]. Thus, the spatial resolution of the LIDAR 
system and the orientation of the islands with respect 
to the measurement may explain why in some profiles 
(as the profile at t = 10 s in Fig. 2) the perturbations 
are hardly visible on the low field side and why there 
is a lack of symmetry for the flat regions around q = 2. 
Statistical analysis, discussed later, actually shows that 
in most cases the m = 2 perturbations are observed 
simultaneously on both sides of the profile. 

Owing to the fact that the magnetic lines are packed 
close together on the outside, because of the Shafranov 
shift, and owing to the finite spatial resolution of the 
measurement, an apparent overlap may occur between 
two adjacent rational surfaces. This can put the region 
of reduced slope, spatially as well as in absolute tem- 
perature, in between the rational surfaces. In addition, 
the errors in the positions of the temperature profiles 

Analysis of the magnetic pick-up coil data shows the 

and the positions of rational q can cause an apparent 
lack of isothermality between flat regions with the 
same mode numbers observed on the inside and the 
outside. However, plots of T, versus q, obtained by 
interpolating q at the same radial positions as the T, 
profile, show that isothermality is verified within 10%. 

The following examples of rotating and quasi- 
stationary modes will illustrate further the correlation 
between the T, LIDAR profiles and data from other 
diagnostics. 

2.2. Observation of m = 1, n = 1 modes 

In JET, SXR and ECE measurements have shown 
the presence of m = 1, n = 1 islands under various 
conditions, often coupled to either rotating or locked 
modes with m 2 2, visible on the magnetic signals. 
These islands are observed after partial sawtooth 
collapses, and in several cases they seem to decay into 
an annular region [ 111, Sometimes, in auxiliary heated 
discharges, m = 1, n = 1 structures with the rotation 
frequency of the central plasma are observed through- 
out the sawtooth cycle, although they are apparently 
not involved in the sawtooth collapse [29]. They have 
also been linked with fishbone activity [30]. 

The flattenings of the LIDAR temperature profiles 
around q = 1, observed in those cases, are likely to be 
associated with a helical m = 1, n = 1 mode. In the 
particular case of the partial sawtooth, some flat regions 
observed in the LIDAR profiles (and also with SXR 
and ECE data) correspond to an annular region. The 
MHD activity responsible for this annular region has 
decayed several milliseconds before the temperature 
profile has been measured. 

In addition, depressions of the temperature located 
at the sawtooth inversion radius are seen after multiple 
pellet injection and are associated with ‘snakes’ [31]. 
The snake is a local density perturbation, normally 
located at the q = 1 surface, although it has also 
been found in JET at the q = 1.5 surface [32] and in 
W VII-A at the q = 2 surface [33]. This indicates that 
when the ‘snake’ is present, the plasma is in a helical 
equilibrium different from that normally found in JET 
plasmas. 

An example of a flattening observed near the q = 1 
radius after a sawtooth collapse is shown in Fig. 1. 
We will now discuss the example of a rotating m = 1, 
n = 1 mode that is apparently not associated with 
the sawtooth crashes. The case of a quasi-stationary 
m = 1 mode coupled to an m = 2 mode will be 
discussed in the next section. 
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FIG. 3. Observations of a rotating m = 1, n = I mode. (a) Central S X R J u x  amplitude versus time, showing 
the evolution of a perturbation rotating at 400 Hz. (b) T, and q profiles. (e) SXR tomography of the central 
plasma zone. (d) Mapping of ECE measurements on a poloidal cross-section. (N. B. SXR and ECE measurements 
with the required time resolution were not available for the same time. However, one can see from (a) that the 
central perturbations obtained in (e) and (d) can be associated with the same type of oscillation.) 

In this example, a radiofrequency (RF) heated 
discharge (I,, = 3 MA, B, = 3.4 T, PRF = 7 MW) 
shows oscillations, interpreted as continuous fishbone 
activity [30], with a nearly constant amplitude and 
frequency of 0.5 kHz both in SXR signals (Fig. 3(a)) 
and in ECE signals. These oscillations are observed 
before the sawtooth collapses, but their constant ampli- 
tude indicates that the sawtooth collapse is independent 
of them. (The MHD activity observed in this discharge 
is described in more detail in Ref. [30].) 

Figure 3@) shows the T, and q profiles obtained. The 
large flat region close to the q = 1 surface indicates 
the presence of an m = 1 perturbation. From SXR 

measurements the toroidal mode number has been 
found to be n = 1. Phase reversals of the SXR signals 
indicate an m = 1 mode in the centre, with m = 2 
and probably m = 3 modes at the outside, at the 
positions of rational q seen in Fig. 3@). The recon- 
struction of the SXR midplane emission profile shows 
an m = 1 flattening coinciding with that of Fig. 3@), 
while the SXR tomography of the central plasma zone 
(Fig. 3(c)) shows an m = 1 island related to the q = 1 
surface. The mapping of the ECE signals for a full 
oscillation period on the poloidal plane (Fig. 3(d)) also 
shows an m = 1 perturbation at the position of q = 1. 
(The different phases of the m = 1 perturbation shown 
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(‘) ‘LIDAR tikes 

FIG. 4. Observations of a quasi-stationary m = 2, n = 1 mode. (a) Time traces of magnetic measurements showing: 
(i) the amplitude of the radial magnetic field perturbation b, and (ii) the sine component of b,. 
(b) T, and q profiles for two times: (i) t = 10 s and (ii) t = 12 s. (e) Radial structure of the SXR midplane emission 
profile for the q = 2 region showing: (i) the high field side and (ii) the low field side. 
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in the figures can be accounted for when we consider 
the mode rotation and the toroidal locations of the 
different diagnostics.) 

2.3. Observation of m = 2, n = 1 modes 

Large amplitude rotating or locked modes, usually 
with mode numbers (2, 1) or (3,2), are observed under 
many operating conditions and may persist for many 
seconds. In particular, locked or quasi-stationary (slowly 
rotating) modes can appear early in the current rise, or 
after perturbations such as pellet injection or a large 
sawtooth collapse occurring after a period of sawtooth 
suppression [34]. Locked (2, 1) modes are also the 
main precursor for disruptions [ 141. 

We discuss a quasi-stationary mode which appeared 
after a ‘monster sawtooth’ crash (Ip = 2 MA, B, = 2.1 T, 
PRF = 4 MW). The signals from magnetic pick-up coils 
(Fig. 4(a)) show a slow oscillation of 4.25 Hz with a 
saturated amplitude. Magnetic data analysis indicated 
a dominant m = 2, n = 1 structure [35]. The same 
frequency was also measured with the different channels 
of the ECE and SXR diagnostics, suggesting a toroidal 
coupling [35] between external and central modes. 

The T, and q profiles obtained at two different times 
are shown in Fig. 4(b). As in the previous examples, an 
obvious flat region is seen in the T, profiles close to 
q = 1 and the sawtooth inversion radii. Another large 
flat region is seen close to q = 2 on the inside of the 
profile taken at t = 12 s. In the earlier profile, at 
t = 10 s, the flatter structures close to q = 2 have 
widths inside the experimental error; however, their 
position, symmetry and temperature value, compared 
to the t = 12 s profile, indicate that they may be 
caused by an m = 2, n = 1 mode. 

The magnetic signals show that between the two 
T, profiles there is a 180” phase difference. The 
magnetic analysis provides the toroidal location where 
the 0 points of the n = 1 rotating islands are in the 
midplane, on the low field side. Thus, the poloidal 
location at the toroidal position (4 = OO), where the 
instantaneous LIDAR measurements are made, can be 
obtained from the magnetic signals under the assump- 
tion of mode coupling of all n = 1 modes [36]. If we 
assume that the m = 2, n = 1 mode is coupled to a 
central m = 1, n = 1 mode, we find that the m = 1 
perturbations on the two T, profiles shown are in fact 
observed at the positions expected on opposite sides of 
the profiles [35]. 
SRX tomography confirms the existence of islands 

of low poloidal m numbers, m = 1 and m = 2, located 
at the identified rational q surfaces. Some activity is 

also seen around the q = 1.5 surface and is likely 
to be an m = 3, n = 2 mode. Figure 4(c) shows 
the reconstructed emission profiles around q = 2. 
It illustrates what is usually observed in the tempera- 
ture profiles, that the radial extent of the perturbation is 
greater on the inner side. Because of this inside/outside 
asymmetry the perturbation may be only clearly visible 
on the inside. This can explain why the m = 2 mode is 
sometimes asymmetric on the LIDAR profiles. The figure 
also shows the rotation effect on the observed width, 
which is a maximum when the 0 point of the island 
is in full view. 

The maximum width of the perturbation, observed on 
the inner side of the SXR emission profiles, is - 20 cm. 
The inner side of the LIDAR profile at t = 12 s shows 
a flattening around q = 2 with a width of 10-15 cm. 
The difference between the widths observed can be 
explained by a phase difference, since the LIDAR 
and SXR measurements are taken at different octants. 
Comparable widths are also estimated from the magnetic 
signals and from tearing mode calculations. From the 
amplitude of the m = 2, n = 1 oscillation measured 
in the magnetic signals, and assuming that the radial 
perturbed field varies with radius as (r)m+l,  one can 
estimate an island width of -20 cm at the position 
where q = 2. From a numerical simulation of the 
tearing mode problem in the cylindrical approximation 
[25], where we used the experimental current density 
profile at t = 12 s, we calculated that the m = 2, 
n = 1 mode would saturate with an island width 
of - 17 cm. 

2.4. Observation of m = 3, n = 2 modes 

Modes with toroidal number n = 2 are also seen in 
many operating conditions, often already during the 
current rise phase. Enhanced n = 2 activity is measured 
at particular conditions, such as after pellet injection 
137, 381 and after a ‘monster sawtooth’ collapse [24]. 
In some high /3 discharges the /3 collapse is associated 
with n = 2 and n = 3 activity [39]. 

The correlation between T, perturbations at q = 1.5 
and the observation of m = 3,  n = 2 modes with other 
diagnostics is particularly clear in discharges with pellet 
injection. Examples have already been presented in the 
JET literature, so we will refer here to a pulse analysed 
in Ref. [38]. It showed that pellet injection during the 
current rise of limiter discharges is followed by a sharp 
increase in the n = 2 MHD activity. SXR analysis 
indicated a poloidal mode number of m = 3, while the 
emission profiles showed a flattened region around the 
q = 1.5 surface. Flatter regions at the same position 
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10.2- 

were seen in the LIDAR temperature and pressure 
profiles. 

It should be noted that in the data examined so far, 
the m = 3,  n = 2 modes appear to affect the T, profile 
to a similar extent as does the m = 2, n = 1 mode. The 
cylindrical approximation, however, predicts widths 
one order of magnitude smaller. Toroidal effects [40] 
may have to be invoked in order to explain the m = 3, 
n = 2 island widths suggested by the temperature profile 
observations. 

3. SMOOTHER TEMPERATURE PROFILES 

Smoother LIDAR T, profiles are measured in some 
conditions where a reduction of MHD activity is 

10.4- 

R (m) 
FIG. 5b. Electron temperature profiles. 

I /  
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I / I I  

12 14\ / 16 10.~1 

FIG. 5a. Time behaviour of plasma parameters during an H-mode: 
total additional power, central line density, D, trace, showing ELMs 
ana' sawteeth, ana' ratio of the perturbed poloidal magnetic field 
lfrom an n = I combination of pick-up coil signals measured at 
45" above the midplane on the lower field side) to the equilibrium 
poloidal magnetic field. 

observed. Most noticeable are the smooth central regions 
after pellet injection and the smooth outer regions after 
an L-H transition. A lack of large profile structures has 
also been observed during periods of sawtooth stabiliza- 
tion. Part of this effect is certainly also due to a better 
photon statistic caused by the higher electron density in 
pellet fuelled and H-mode discharges. However, error 
bars are taken into account in our analysis. 

3.1. Discharges with pellet fuelling 

Pellet injection in the current rise phase of limiter 
discharges has the effect of keeping qo above unity and 
consequently delaying the appearance of sawtooth activity 
[38]. After pellet injection, the T, profiles show smooth 
central regions, in agreement with the absence of 
m = 1, n = 1 modes. 

3.2. Discharges with the H-mode 

Smooth LIDAR T, profiles are observed during the 
H-phase [41] of some JET discharges where the L-H 
transition is followed by a decrease of MHD activity. 
In these cases, the T, profiles still show central pertur- 
bations around q = 1, as one would expect, since 
usually sawtooth activity is not suppressed, but the 
profiles are very smooth in the outer regions, indi- 
cating a reduction of internal modes with m > 1. 

by edge localized modes (ELMs), where the n = 1 
To illustrate this, Fig. 5 shows an H-mode dominated 
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activity measured with the magnetic pick-up coils is 
decreased by a factor of ten. The LIDAR T, profiles 
show smooth outer regions. (In this particular example 
the T, profiles were available soon aftersawtooth crashes 
and therefore are flat in the central region.) 

However, not all H-modes are accompanied by a 
decrease in MHD activity. Clear counter-examples 
are H-regimes occurring for values of the toroidal /3 
parameter close to the Troyon limit, which show large 
amplitude n = 1 modes such as fishbones and some- 
times enhanced n = 2 and n = 3 activity [39]. As in 
the examples in the previous section, the T, profiles 
show large structures that can be correlated with 
perturbations observed in SXR and ECE signals. 

3.3. Discharges with ‘monster sawteeth’ 

Sawtooth stabilization with qo < 1 is obtained in JET, 
with high power additional heating, for periods lasting 
up to 5 s. The level of coherent MHD modes is low, 
as reported in Ref. [24], and is of the order of 
GBB/B,j I 

As a general trend, the LIDAR temperature profiles 
obtained during the temperature saturation phase of 
sawtooth free periods do not show large perturbations, 
but exceptions do occur, as is the case for the early 
phase of the ‘monster sawtooth’ shown in Fig. 2. Some 
exceptions may also be explained by the presence of 
fishbones, which have been observed occasionally 
during ‘monster sawteeth’ [30]. 

4.  STATISTICAL COMPARISON WITH 
RESULTS OF EQUILIBRIUM ANALYSIS 

To investigate the correlation between the q profiles 
and the perturbations in the T, profiles, a numerical 
method ‘was used to analyse statistically the complete 
set of 1988 LIDAR data. A movable grid was used 
to sample the local slope of the temperature profile. 
A selection criterion was used which records an obser- 
vation when the change in gradient is outside the tem- 
perature profile error bars. The R co-ordinates of the 
points of minimum slope thus obtained are recorded. 
The radial positions of the reduced slope steps on the 
LIDAR profiles were compared with the positions of 
the rational q surfaces. This comparison is shown in 
contour plots in the (4, R) plane, which represent the 
percentage of coincidence of the rational q surfaces 
with the LIDAR profile steps, at any given radius R. 

Figure 6 shows the contour plots obtained for the 
most reliable data (in LIDAR profiles characterized by 

0.51 I I I I I I I I 
2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0 

R (m) 

FIG. 6. Contour plots of the frequency of coincidence of ‘bumps’ on 
the T, profiles, with q values at any given R, for a grid cell size 
Aq x AR = 0.1 x 0.05 em. The number of observations is 1785 on 
the outside and 1585 on the inside; the maximum frequency is 58. The 
contour lines start at 10 and increase at intervals of 10. Because of 
problems with stray light that may occur at R < 2.25 m, a smaller 
number of observations was found around q = 2 at the high field side. 

the error GTJT, c 0.2 everywhere and in q profiles 
characterized by the systematic consistency checks on 
the magnetic data being satisfied [20]). Note the corre- 
lation of the observations with discrete values of q 
occurring around q = 1, q = 312 and q = 2 when 
allowing for the spatial resolution of the LIDAR system 
of 0.09 m and the uncertainty of the central q values. 
A higher number of q = 2 plateaus was found on the 
outside because of inner wall stray light problems. 
Most of the profiles in the database were measured 
during the plasma current flat-top phase when the 
q profiles of JET discharges are very similar and very 
steep on the low field side owing to the aspect ratio. 
This explains the small spread in radius observed in 
the figure. (Electronic tests designed to check whether 
the bunching of the data in R could be an artefact of 
the LIDAR system are described in the Appendix.) 

The statistical analysis confirms that the presence of 
flat T, regions at rational values of q on both the inside 
and the outside of the profile is not a random event. The 
correlation between the occurrence of flat regions near 
q = 1 and q = 2, on the inside and outside of T, profiles, 
was studied. As expected from the symmetry of MHD 
perturbations, the observed q = 1 plateaus on the inside 
and the outside are not correlated, while the observed 
q = 2 plateaus, appearing simultaneously on both sides, 
are correlated. A further result was that q = l/q = 2 
flattenings on the inside/outside were anti-correlated 
with the observed q = 2/q = 1 flattenings on the 
outsidelinside. This can be explained by the well 
known phase coupling of the (1 , l )  and (2, 1) modes 
in tokamaks [36]. 
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5 .  SUMMARY 

Comparison between typical LIDAR T, profiles in 
the equatorial plane of JET and the q profiles deter- 
mined from magnetic equilibrium calculations shows 
that the locations of flatter regions of T, are correlated 
with rational values of q. The existence of perturbations 
located at the rational surfaces of q is further confirmed 
by SXR, ECE and magnetic data analysis. In most cases 
studied, the flattenings in T, can be associated with the 
observation of magnetic islands, the most important 
having mode numbers (1, l), (2, 1) and (3,2).  

Flat regions of T, are seen in most modes of JET 
operation and can be correlated with many types of 
MHD events. For example, quasi-stationary modes 
may appear early in the current rise phase and remain 
throughout the discharge, the flat regions of T, having 
a behaviour consistent with that of magnetic islands 
caused by nearly saturated resistive modes. Conversely, 
when MHD activity is suppressed, the LIDAR T, 
profiles are seen to be smoother, for example when 
sawtooth activity has been suppressed during ‘monster 
sawteeth’ or after pellet injection. 

The statistical analysis shows that the simultaneous 
appearance of flat regions at q = 2 on the inside and 
the outside of a T, profile is not a random event. 
However, consistent with the fact that in toroidal 
geometry with large Shafranov shift the X and 0 points 
of an island are not poloidally equidistant [26], the 
flattening of modes with even parity is sometimes seen 
only on one side of the T, profile in the equatorial plane. 
Naturally, this also occurs for odd parity, and it was 
confirmed to be the case for most perturbations around 
q = 1. Further, the statistical analysis shows that the 
observation of a q = 1 plateau on the inside of the 
temperature profile is anti-correlated with the obser- 
vation of a q = 2 plateau on the outside. This implies 
a phase relation between the modes which may be 
explained by mode coupling. 

It is generally observed that the LIDAR T, plateaus 
are wider on the high field side. This is consistent with 
the SXR emission data and the magnetic analysis with 
the FAR code [28] for a toroidal JET plasma. The width 
of the T, flattenings is consistent with the size of pertur- 
bations measured with other diagnostics. It should be 
noted that in the data examined so far, the m = 3 ,  
n = 2 mode appears to affect the T, profile to a similar 
extent as does the m = 2, n = 1 mode. 

In summary, we have shown a significant correla- 
tion between perturbations in the temperature profile 
data and the modes determined from analyses of inde- 

pendent experimental measurements. These temperature 
profile perturbations occur in most discharges, under 
all kinds of plasma conditions. 

Appendix 

The LIDAR diagnostic uses a time of flight technique 
to infer spatial profiles from time varying signals. Thus, 
electronic ringing in the detector signals for the different 
spatial channels could lead to deviations from a smooth 
profile, and, if present, this would occur more frequently 
at certain radii than at others. Since the majority of JET 
discharges show spatial q profiles located inside a certain 
band, the bunching of observations in the R domain 
would also lead to bunching in the q domain. To 
investigate this problem, a test experiment was carried 
out to illuminate the photodetectors with an optical 
square pulse. The 350 ps duration ruby laser pulse, 
normally used for Thomson scattering, was passed 
through open air over a distance of 2.5 m, about 6 m 
away from the detector. Both Mie scattering from dust 
particles and Rayleigh scattering from air contribute to 
the observed scattering signal. No ringing with the 
characteristic frequency close to that corresponding to 
the observed spatial bunching at 3.8,  3.4, 2.8 and 2.4 m 
was found on the fast rise signal. 

The spatial resolution of the diagnostic, determined 
by the combination of the laser pulse duration and the 
response time of the detection system, was improved to 
about 9 cm by using a signal deconvolution technique. 
A confidence check on this fast converging numerical 
procedure was carried out by comparing its results 
with those from a commercially available (but slow) 
maximum entropy deconvolution software package, 
The results were in complete agreement. 
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