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ABSTRACT

The main limitation to the performance of the JET optimised shear discharges is due to MHD

instabilities mostly in the form of a disruptive limit. The structure of the MHD mode observed as

a precursor to the disruption as measured from soft x-ray and ECE diagnostics shows a global

ideal MHD mode. The measured mode structure is in good agreement with the calculated mode

structure of the pressure driven kink mode. The disruptions occur at relatively low normalised

beta (1< βN < 2) in good agreement with calculated ideal MHD stability limits for the n=1

pressure driven kink mode. These low limits are mainly due to the extreme peaking factor of the

pressure profiles. Other MHD instabilities observed in the JET optimised shear discharges in-

clude, usually benign, chirping modes. These modes, which occur in bursts during which the

frequency changes, have the same mode structure as the disruption precursor but are driven

unstable by fast particles.

1. INTRODUCTION

The good performance of the JET Optimised Shear (OS) discharges [1] is due to a characteristic

transport barrier at about mid-radius in the plasma. The occurrence of the transport barrier is

related to the shape of the q-profile. A typical q-profile in the JET optimised shear discharges

has a low shear in the plasma centre with a value of q on axis between 1.5 and 2. These q-profiles

are obtained by neutral beam and RF heating of the plasma during the ramp up phase of the

plasma current. The ramp rate is typically 400kA/s. Low power lower-hybrid and RF heating are

applied before the main heating to slow down the current diffusion. With the start of the beam

heating, an internal transport barrier forms resulting in extremely high central ion temperatures

and a peaked pressure profile. The continued ramp of the plasma current and the reduced heat

flow to the plasma edge keeps the discharge in L-mode. The highest neutron rate is usually in the

L-mode phase. When the plasma eventually goes into an H-mode the internal barrier slowly

degrades and the good performance is terminated by a giant ELM. Discharges with an internal

transport barrier combined with an ELMy H-mode edge transport barrier have also been pro-

duced in JET [2]. Such a combination of edge and internal transport barriers offer good pros-

pects for achieving steady state plasmas.

The combination of a q-profile with low central shear and a minimum q well above one,

i.e. no q=1 surface, and a peaked pressure profile gives rise to MHD instabilities which are quite

different from the instabilities observed in the Hot-Ion H-mode, the conventional high perform-

ance regime in JET [3]. Obviously, sawteeth, one of the main performance limiting MHD insta-

bilities in Hot-Ion H-modes, require a q=1 surface to become unstable and are therefore absent

in OS discharges. Also, the best performance in the OS regime is usually obtained when the

plasma has an L-mode edge, i.e. without the large edge pressure gradients in the edge pedestal.

This avoids the Outer Modes and giant ELMs common in Hot-Ion H-modes which are driven by

the edge pressure gradient and the associated bootstrap current [4]. Only when the central pres-
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sure gradients of the OS plasma are combined with an ELM free H-mode edge are giant ELMs

found in OS discharges.

Although the MHD instabilities which are limiting the performance in the Hot-Ion H-

mode discharges can be avoided in the OS regime, this does not mean that a higher value of

normalised beta can easily be obtained. In the OS regime different MHD instabilities occur

which are related to the steep central pressure gradients and the particular shape of the q-profile.

The most common limitation to the performance in the JET OS discharges is due to disruptions.

Chirping modes, i.e modes with a fast changing frequency, are also regularly observed but these

modes are in general benign. Also very commonly observed are Alfven eigenmodes (AE). They

are driven by the fast particles from the ICRH heating. The AE are more unstable in the OS

discharges, as compared to the Hot-Ion H-mode regime, due to the higher values for the central

q. The stability of Toroidal Alfven Eigenmodes (TAE) in the OS regime is discussed in detail in

[5]. Other MHD modes observed include m/n=2/1 tearing modes which form islands at the q=2

surface. The tearing modes are relatively rare and prevent the formation of the transport barrier

[6].

This paper focuses on the most commonly observed low frequency (<100 kHz) MHD

modes in the JET Optimised Shear discharges. In the next section, the disruptions and their

precursors are analysed. The MHD instability is identified by comparing the measured mode

structure from both the ECE and SXR diagnostics with the calculated mode structures. The

MHD stability limits of the relevant instabilities and their dependence on the q-profile and the

peaking of the pressure profile are presented. The chirping modes are discussed in the third

section. Other, less frequently observed MHD instabilities are discussed in the fourth section.

2. DISRUPTIONS

The major limitation to the maximum perform-

ance of Optimised Shear discharges is due to

the occurrence of disruptions. The normalised

beta βN (= <β> a[m] B [T]/ I [MA], where <β>

is the toroidal beta, a the minor radius, B the

vacuum toroidal magnetic field and I the total

plasma current), at which the disruptions are

triggered, can be relatively low. Figure 1 shows

the values of βN at the time just before the dis-

ruption as a function of the total additional heat-

ing power for all disruptions in the Optimised

Shear experimental campaign with the Mark-

IIA divertor. This includes disruptions at low

beta (low heating power) which are most likely
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Fig.1. The normalised beta βN at the time of a disrup-
tion (circles) in JET optimised shear discharges. Included
is a selection of discharges without disruptions
(triangles).
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due to the fast current ramp rate. The highest βN at the time of a disruption is 1.8. Disruptions

can occur at much lower values of βN ~ 0.5. The highest βN in an Optimised Shear plasma that

does not disrupt is 2.2. However, achieving a high normalised beta has, so far, not been an

explicit goal in the JET Optimised Shear experiments. The shape of the q-profiles has been

dictated by the requirement of the creation of a transport barrier at the available heating. (The

threshold power appears to be lower when there is a q=2 surface with a small volume inside the

q=2 surface.) The disruptions can be avoided by controlling the total heating power during the

discharges such that the plasma stays below the MHD stability limit (see section 2.3).

2.1 The disruption precursor

In some cases the disruption is preceded by a clear precursor which can be observed in the

magnetics, the fast ECE, SXR and reflectometer data. Figure 2b shows an example (discharge

#40572) of a disruption precursor in the data of one pick-up coil. The time traces of this dis-

charge are shown in Fig. 2a. The toroidal mode number as determined from a toroidal array of

pick-up coils is n=1. The initial frequency of the mode is close to the central rotation frequency

of the plasma which is 30 kHz. The mode amplitude grows exponentially with a characteristic

time of 0.2ms. As the mode grows the frequency slows down until it locks to the wall, at which

point the plasma disrupts. In this example, the time from the start of the mode up to the disrup-

tion is about 2ms, in other cases where the growth rate of the precursor is smaller it can take up

to 6 ms.
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Fig.2a The evolution of the heating power, the stored
energy, normalised beta, the n=1 magnetics data and
the Dα signal as a function of time for discharge #40572.
Included are the traces (thin lines) for a similar discharge
#40552 which does not disrupt.
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Fig.2b The disruption precursor in discharge #40572
as seen in magnetic pick-up coil data. The top trace is
the data from one pick-up coil (dBθ/dt). The bottom trace
is the frequency of the mode as a function of time. The
signal saturates the detector after 1.3 ms.
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The radial structure of the disruption pre-

cursor can be obtained from the 48 channel het-

erodyne ECE radiometer [7] with a sample rate

of 250 kHz. In calculating the radial position

of ECE channels, it is essential to use the total

magnetic field from an equilibrium which in-

cludes the experimental pressure profile with

the large gradients at the transport barrier. The

diamagnetic effect due to the pressure gradi-

ents reduces the toroidal field significantly. Not

taking this effect into account leads to an over

estimate of the gradients in the electron tem-

perature in the transport barrier. Figure 3 shows

the time evolution of the electron temperature
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Fig.3 Contours of the time evolution of the electron tem-
perature profile at the time of the disruption precursor.
Each contour (black lines) are 1 keV apart. The maxi-
mum temperature is 12.6 keV on axis at R = 3.1 m. The
plasma boundary is at R = 3.9 m.

profile just before the disruption from 14 channels between R=3.1 and 3.75 m. Assuming that

the electron temperature profile moves with the flux surfaces, the displacement of the flux sur-

faces due to the MHD instability causing the disruption can be determined. In the last oscillation

before the disruption the maximum displacement grows to a large amplitude of ±15 cm. The

perturbation becomes strongly non-sinusoidal at these large amplitudes. This is due to the growth

of an n=2 mode with double the frequency of

the n=1 mode. The phase of the n=2 mode is

such that the n=2 adds to the n=1 at the maxima

(in radius) of the n=1, i.e. where the n=1 dis-

placement increases the pressure gradient in the

low field side mid-plane. At the minima of the

n=1, the n=2 reduces the amplitude of the total

perturbation. This n=2 mode is probably a sec-

ondary instability driven unstable by the in-

creased pressure gradients due to the n=1 mode.

Figure 4 shows the displacement of the n=1

component of the disruption precursor from 3

different time windows as a function of the

major radius. The amplitudes are obtained by

fitting to the contours of Te of Fig. 3 with : R(ti)

= Rav +  An=1 cos(ω ti) e
t/τ  where Rav , An=1 ,

are the fitting parameters representing the av-

erage radius of the contour, and the amplitude

of the n=1 component of the displacement. The
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Fig.4 The displacement of the flux surfaces as a func-
tion of the major radius due to the disruption precursor
for 3 time intervals (0.17-0.26 ms, 0.26-0.38 ms and 0.34-
0.45ms) . The curves with closed symbols are the n=1
component. The open circles are the n=2 component for
the last time interval (corresponding to the closed dia-
monds for the n=1). The dashed curves are the first two
displacements from the first two intervals scaled with a
growth time of 0.18 ms.
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growth time is τ = 0.18 ms. In the last period before the disruption the n=2 component can also

be determined and is included in the fit. The viewing line of the ECE diagnostic is 13 cm below

the magnetic axis. This means that the displacement determined from the ECE very close to the

axis does not correspond to the perpendicular displacement in the outboard mid-plane. However

this affects only the radii close to the magnetic axis where, in any case, the displacement cannot

be determined due to the temperature gradients going to zero on axis. The shape of the n=1

mode does not change as the amplitude increases exponentially (as shown in Fig.4). The n=1

displacement has an off-axis maximum close to the q=2 surface at R=3.4m. There are no phase

changes across the radius indicating that the mode is an ideal MHD mode.

More information on the mode structure of the disruption precursor can be obtained from

the SXR data. The JET SXR diagnostic [8] consists of 6 cameras with about 180 viewing lines

in one poloidal plane. This large number of viewing lines allows an accurate tomographic recon-

struction of the mode structure. An advantage of the tomographic reconstruction of the SXR

data is that it can yield the radial structure of the different poloidal harmonics of the perturbations,

i.e the full mode structure in the poloidal plane. This can be used for a detailed comparison of the

observed mode structures with the results from MHD stability calculations. The method used

for the tomographic reconstruction is described in more detail in appendix A.

The evolution of the SXR emission profile during the disruption is analysed by recon-

structing the profile in the last but one full period before the disruption. Assuming a rigid rota-

tion of the mode structure, i.e. the mode has one single frequency, consecutive time points can

be interpreted as measurements at different toroidal angles. Since the mode is growing

exponentially, the data at different times has to be scaled with the growth rate, τ = 0.18ms. In the

tomographic inversion the data from 8 time slices (with a total of 1024 data points) from one

period of the precursor oscillation is used. The mode numbers used are m/n=0/0, 1/1, 2/1, 2/2, 3/

2 and 4/2 as basis functions. The radial dependence of each m/n combination is represented by

8 cubic B-splines. The resulting shape of the SXR emission profile in the poloidal plane is

shown in Fig. 5 for 8 time slices which are 8µs apart.

From reconstructions using both sine and cosine components it is clear that the sine com-

ponents are small. An equally good fit is obtained with just cosine components, so in the result

shown only the cosine components have been used.

The dominant movement of the central part of the plasma due to the mode is a combina-

tion of a rotation of the magnetic axis and an oscillation in the elongation of the flux surfaces.

The rotation is due to a m/n=1/1 component, the elongation changes are due to a m/n=2/1 com-

ponent. The m/n=1/1 and m/n=2/1 add on the low field side and are of opposite sign on the high

field side. The radial dependence of the harmonics is shown in Fig. 6 for both the n=1 and n=2

harmonics (as a function of √ψ where ψ is the normalised poloidal flux). All poloidal harmonics

(except the m=0 harmonic) have to go to zero on axis to avoid a discontinuity in the perturbation

on axis (regularity condition). Also shown is the perturbation of the SXR emission profile as a
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Fig.5 The evolution of the SXR emission profile from t=0.41 ms to 0.47ms (see Fig 3). The time difference between
each frame is 8 µs. Shown are contours of constant SXR emission in the region 2.5 m < R <3.7 m, -0.7 m < Z < 1.2
m. The black contours are the equilibrium flux surfaces which are used as the co-ordinate system in the
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function of the radius in the mid-plane for two values of the toroidal angle. The difference

between the perturbation at φ=0 and the negative of the perturbation at φ=π is due to the n=2

component. The n=2 adds to the n=1 mode when the n=1 perturbation is positive on the low

field (outboard) side. Thus both the poloidal and toroidal components of the perturbation in the

SXR emission are in phase so that they add to the maximum amplitude on the outboard mid-

plane. This is the region of bad curvature where the plasma pressure is destabilising. Fig. 6b

shows the n=1, the n=2 and the total perturbation in the SXR emission at one toroidal angle.
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Fig.6b The perturbation of the SXR emission profile due to the disruption precursor. On the left is the n=1 compo-
nent, in the middle the n=2 component and on the right the total perturbation. The lines are the equilibrium flux
surfaces.

The equilibrium profile of the SXR emission is much more peaked and narrower than the

electron temperature profile. (The SXR emission is proportional to n n Te i e
α  with α>1, i.e. to the

electron density, the ion density and the electron temperature all of which have peaked profiles.)

The large gradients in the SXR equilibrium profile are within R=3.4m. This makes it more

difficult to obtain a displacement from the perturbation of SXR emission by dividing by the

gradient of the equilibrium profile, especially for R > 3.4 m. However, multiplying the displace-

ment from the ECE with the gradient of the equilibrium SXR emission gives a prediction for the

SXR perturbation. This prediction based on the ECE data is in reasonable agreement with the

actual perturbation in the SXR emission.

2.2 Comparison of experimental and calculated mode structures

In this section the observed mode structures, which were analysed in detail in the previous

section, are compared with mode structures calculated using the linearised ideal MHD model.

The theoretical mode structures are obtained by analysing the MHD stability of the equi-

librium just before the disruption. The equilibrium profiles are taken from a transport analysis of
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discharge #40572 with the TRANSP code [9].

The resulting pressure and q-profile at t=6.75s

are shown in Fig. 7. The pressure profile is cal-

culated from the ion temperature profile (from

the charge exchange measurements), the elec-

tron temperature profile (from the ECE radi-

ometer) and the electron density profile (from

Thomson scattering). Included in the pressure

profile is the contribution from the fast parti-

cles generated by the RF and neutral beam heat-

ing. The q-profile in TRANSP is calculated

from the current diffusion equation which for

this discharge results in a q-profile with low

shear in the plasma centre and a minimum q of

1.75. In order to investigate the influence of

different shapes of the central q-profiles (which
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Fig.7 The profiles of the total pressure and the safety
factor, q, as a function of the major radius for discharge
40572 at t=6.75s. Included is the q-profile from the EFIT
reconstruction (dashed line).

is the least well known part of the equilibrium) a set of equilibria was calculated with the EFIT

equilibrium reconstruction code [10]. In EFIT the equilibrium is reconstructed with a least squares

fit to the measurements of 48 external magnetic pick-up coils and 14 flux loops. In this case the

pressure profile from TRANSP is also included in the fit. The set of different equilibria was

obtained by varying the prescribed value of q at the magnetic axis. The best fit in this series

yields a q-profile which is very similar to the TRANSP q-profile.

The MHD stability of the equilibria is analysed with the Mishka-1 code [11]. The Mishka-

1 code solves the linearised incompressible ideal MHD equation. However the stability bounda-

ries in ideal MHD do not depend on the compressibility. The geometric quantities of the straight

field line co-ordinate system used in the Mishka-1 code are calculated with the HELENA equi-

librium code [12]. The co-ordinate system is the same as the co-ordinates used in the SXR

tomography. The plasma boundary as determined by the EFIT equilibrium reconstruction is

approximated by the 99% flux surface, i.e, just inside the separatrix of the single null plasma.

The equilibrium from the TRANSP analysis is calculated to be unstable (but close to the

stability boundary, see next section) to a global pressure driven kink mode. The poloidal har-

monics of the displacement perpendicular to equilibrium flux surfaces are plotted in Fig. 8 as a

function of √ψ. The toroidal mode number is n=1. The mode extends over the whole plasma

radius with the m=1 and m=2 as the dominant poloidal harmonics and the higher m as side

bands. The poloidal harmonics are all in phase at the outboard, i.e. low field, side of the plasma.

On the inboard side the m=1 and m=2 are out of phase and almost cancel each other out.

To compare the calculated mode structure with the structure obtained from the tomo-

graphic inversion of the SXR data, the displacement of the flux surfaces as shown in Fig. 8 has
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to be multiplied by the gradient of the equilib-

rium SXR emission profile : δ(SXR) = ξ•∇
(SXR). The equilibrium SXR emission profile

is obtained from the tomographic inversion of

the time averaged SXR signals. It is assumed

that the equilibrium SXR emission is a flux

surface quantity, i.e. it can be described by a

m=n=0 component. This is justified because

the m=1 component when included in the in-

version of the equilibrium emission has a neg-

ligible amplitude. This means that the peak of

the SXR emission coincides with the magnetic

axis. Due to the extreme peakedness of the equi-

librium SXR emission profile, only the central

part of the perturbation remains visible. Fig-

ure 9 compares the calculated perturbation of
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Fig.8 The poloidal harmonics of the perpendicular dis-
placement as a function of the minor radius of the n=1
mode found unstable just before the disruption in dis-
charge #40572.
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Fig.9a The n=1 perturbation of the SXR emission from
the tomographic reconstruction.

Fig.9b The simulated perturbation based on the theo-
retical mode structure from Fig. 8.

the SXR emission based on the mode structure of Fig. 8 with the perturbation resulting from the

tomographic inversion. Good agreement between the experimental and theoretical perturbations

is found. However due to the peaking of the SXR emission profile only information on the m=1
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and m=2 harmonics can be obtained. The good agreement indicates that the disruption as ob-

served in the Optimised Shear discharges is due to a global n=1 pressure driven kink mode

exceeding the ideal MHD stability boundary. Similarly good agreement of the measured and

calculated mode structures has been found in TFTR and DIII-D plasmas with internal transport

barriers [14].

To investigate how much the mode struc-

ture of the pressure driven kink mode changes

for different shapes of the central part of the q-

profile, the mode structure is calculated for the

family of equilibria obtained with the EFIT

code with the central q varying between 1 and

2. If the mode structure is very sensitive to the

value of q on axis or the minimum q then com-

parison with the tomography results can give

an indication of the actual q-profile at the time

before the disruption. Figure 10 shows the

maximum amplitude of the different poloidal

harmonics relative to the m=1 harmonic as a

function of the minimum q value. The m=1

harmonic is always the largest component for

qmin between 1 and 2. The ratio between the

m=2 and the m=1, which can be determined
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Fig.10 The maximum amplitude of the m=2, 3 and 4
poloidal harmonics of the pressure driven kink mode
relative to the amplitude of the m=1 component as a
function of the minimum q.

from the SXR tomography, increases strongly with increasing qmin for qmin up to 1.5 . For larger

qmin values the ratio is less sensitive to the value of qmin. Comparing these results with the

experimental results gives a value for the minimum q between 1.5 and 2. The best agreement is

for qmin ~ 1.7 with a q-profile (see Fig.7) which is very similar to the q-profile of the TRANSP

equilibrium that was used for the comparison of Fig. 9. The error bars on the central part of the

q-profile of about ±0.2 are such that it is not known whether the q-profile is monotonic or

reversed in the plasma centre.

2.3 MHD Stability limits

In this section the stability limits due to the n=1 pressure driven kink mode, whose mode struc-

ture was shown to agree well with the observed disruption precursor, are analysed. The equilibria

from the TRANSP analysis are used for the calculation of the stability limits for discharge #40572.

For each time slice, the stability boundary is determined by raising or lowering the total pressure

of the equilibrium while keeping the flux surface averaged toroidal current density profile and

the shape of the pressure profile constant. In the calculations the plasma is surrounded by a

vacuum and an ideally conducting wall. The position of the wall can have a significant influence

on the stability of the global n=1 modes [13]. Here, the position and the shape of the ideally
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conducting wall are the same as the JET vacuum vessel. The resulting evolution of the MHD

stability in time are plotted in Fig. 11. Initially, at t=6.0 s the stability limit is extremely low at a

normalised beta, βN close to 1. At this time the βN of the plasma is very close to the ideal MHD

stability limit. Indeed, consistent with the calculated stability limits, it was found that in the

experiment if the RF power is not stepped down at this point the plasma will disrupt. After t =

6.0 s , the stability limit slowly rises up to t = 6.6 s and the plasma is close to the stability limit

during this time. This evolution is due to the changing shape of the pressure profile. With time

the transport barrier in the JET Optimised Shear discharges moves outwards [2] following the

evolution of the q=2 surface. This reduces the peaking factor of the pressure profile which

considerably increases the MHD stability limit for the pressure driven kink mode.
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Fig.11 The evolution of the MHD stability limit for the n=1 pressure driven kink mode in discharge #40572 as a
function of time (Fig 11a, on the left) and as a function of the peaking factor of the pressure profile (Fig. 11b, on the
right). The curve without a symbol is the MHD stability limit for the n=1 kink mode. The lines with the filled circles
are the experimental values.

This is also clear from Fig. 11b which shows the evolution of βN of the stability limit and

the experimental values as a function of the peaking factor of the pressure profile, (defined as

β(0) / <β> with β(0) the beta value on the magnetic axis). At t = 6.6s the RF power is stepped up.

Due to the central power deposition profile of the RF heating, the pressure profile peaking stays

constant instead of decreasing further, while at the same time it increases the total pressure. As

a consequence the plasma crosses the ideal MHD stability limit at which time a mode grows

exponentially to large amplitude, leading to a disruption. Included in Fig. 2a are the time traces

of a discharge (#40552) with very similar heating power up to t=6.6s. However in this discharge

the RF power was not stepped up at t=6.6s and the disruption was avoided.

The influence of the central part of the q-profile on the MHD stability limit is shown in

Fig. 12. The normalised beta at the stability limit is plotted as a function of the minimum q for

the same set of EFIT equilibria with varying q on axis as was used in the previous section. The

stability limit becomes much lower as the q on axis approaches q=1. However for q on axis
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between 1.2 and 1.8 the stability limit is rela-

tively insensitive to the details of the central q-

profile. It varies about 10% between the local

maximum at q=1.2 and the local minimum at

q=1.7. The outer part of q-profile (q>2) does

not change in this scan; also the total plasma

current is fixed. The values in this plot are

slightly higher than the value at t=6.75 in Fig.

11. This is due to a slightly lower peaking fac-

tor of the pressure profile and the lower central

shear of the TRANSP equilibrium. As qmin

approaches 2, a large part of the central q-pro-

file is above 2 which leads to a significant in-

crease in the marginally stable βN .
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Fig.12 The n=1 MHD stability limit for different values
of qmin keeping fixed the outer part of the q-profile, the
total current and the pressure profile.

Another example of a disruption, in this case in a JET deuterium tritium DT discharge, is

shown in Fig. 13. The Optimised Shear discharges in the DT campaign are described in detail in

ref. [15]. In this discharge a total heating power of 23MW was applied in order to maximise the

fusion power. This appears to be excessive: the transport barrier does not have the time to ex-

pand to larger radii and both the peaking factor of the pressure profile and βN increase at the

same time. This combination inevitably leads to a disruption. Figure 13b shows the evolution of

the peaking factor and βN and the stability boundary of the n=1 mode at the time just before the

disruption. The q-profile from TRANSP is similar to that of #40572 with q on axis of 1.7.
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Fig.13a The traces for discharge #42940 of the NBI and
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Finally in this section an example of a

discharge without a disruption is analysed

which achieved one of the highest neutron rates

(5 1016 n/s) in deuterium OS plasmas (see

Fig.14). This high performance has been

achieved by operating the discharge very close

to the MHD stability boundary (see Fig. 15)

for more than 1 second. The operation close to

the stability limit was made possible by real

time control of the heating power [16]. The

ICRH power is reduced at the time when the

neutron rate (Rnt) reaches 2×1016 n/s. After this

time, the neutral beam power is controlled to

follow a prescribed Rnt waveform. Up to t=6.8s

the plasma is in L-mode, i.e. there is no trans-

port barrier at the plasma boundary. There is

however a strong internal transport barrier. The
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Fig.14 Time traces of the heating power, the reaction
rate, the stored energy, normalised beta, the n=1  MHD
signal and the Dα signal for two nearly identical dis-
charges: 40847 (thick lines) and 40848 (thin lines) which
ends in a disruption.

peak neutron rate, Rnt = 5.4×1016 n/s, is obtained during this phase with a total heating power of

21 MW. The normalised beta is 1.8 at this time. After t=6.8s the plasma goes into H-mode which

reduces the peaking factor of the pressure profile. During the H-mode phase the internal barrier

slowly degrades and the discharge moves away from the stability limit. Most disruptions in the

Optimised Shear discharges occur while the discharge is in L-mode. The added pressure at the

boundary due to the edge pedestal reduces the peaking factor enough to avoid disruptions while
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 in H-mode. Included in Fig. 14 are the traces of a very similar discharge #40848, which, how-

ever, ends in a disruption illustrating how close the best JET high performance OS discharges

are to a disruptive MHD stability limit.

Included in the stability diagram (Fig. 15b) is the stability limit due to the n=1 mode in the

absence of an ideally conducting wall. For the extremely peaked pressure profiles early in the

discharge the difference between the stability limits with the JET wall and without the wall is

very small. For less peaked pressure profiles the no wall limit is significantly below the JET wall

limit. The difference is due to the mode structures. At lower peaking factor the pressure gradient

is more towards the boundary which increases the coupling of the dominant m=2 harmonic to

the higher m harmonics which are more influenced by the stabilising influence of the wall. It

appears that the discharge is above the calculated no-wall limit between t=6.2s and t=7.0s. Also

in the DT discharge shown above the agreement between the occurrence of the disruption and

the crossing of the stability limit is better with the JET wall limit than with the no-wall limit. In

this case the no-wall limit is exceeded by 15% before the disruption occurs. However, with the

pressure and q-profiles in the JET Optimised Shear discharges the difference between the no-

wall and the JET wall stability limits is relatively small (<20%). The error bars in the stability

limit due to error bars on the pressure peaking factor and especially the q-profile are too large to

confirm that the JET vessel contributes to the wall stabilisation of the n=1 mode. Dedicated

experiments, specifically with broad pressure profiles and q-profiles with qmin above 2 to max-

imise the difference between the JET wall and the no-wall stability limit, are needed to show the

stabilising influence of the JET vessel.

3. FISHBONE-LIKE MODES

Instabilities with a fishbone like bursting behaviour occur in nearly all of the JET Optimised

Shear discharges. Figure 16 shows the occurrence of these modes in JET DT discharge #42940

(see Fig. 13). During the burst the frequency

of the mode rapidly changes from ~50-30 kHz

down to ~30-15 kHz. The initial frequency is

typically 20-30 kHz above the plasma rotation

frequency. The toroidal mode number is pre-

dominantly n=1, however higher toroidal mode

numbers n=2,3, .. are also commonly present

in the same burst. In some cases the n=2 com-

ponent is the dominant mode number.

These instabilities are usually benign and

do not cause any obvious harm to the plasma

confinement or neutron rate. This was also

found for the m/n=1/1 fishbone modes in the
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Fig.16 Example of a series of fishbone-like bursts in DT
discharge #42940. The upper trace shows dbθ/dt from
one magnetic  pick-up coil. The lower trace gives a spec-
tral analysis of this signal.
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conventional JET scenarios [22]. In a few discharges the mode grows to such a large amplitude,

with a maximum displacement of up to 8 cm near the transport barrier, that it causes a temporary

degradation of the confinement. The resulting heat pulse can cause a transition from L to H-

mode which is usually unfavourable. After the transition to the H-mode edge the transport bar-

rier at mid radius slowly degrades. An example of a large amplitude mode in the discharge with

the highest DD neutron rate in JET #40554, is shown in Fig. 17. The mode causes a temporary

drop of 10% in the neutron rate and a transition to the H-mode.
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Fig.17 An example of a large amplitude fishbone-like mode which causes a temporary drop in the neutron rate and
a transition to the H-mode. On the left are the time traces of one Mirnov coil, the D-D reaction rate and the Dα
emission, on the right the expanded time trace of a Mirnov coil data and the evolution of the mode frequency.

The radial structure of the displacement

of the modes can be inferred from SXR tom-

ography and from ECE measurements, the re-

sults being in good agreement. Figure 18 shows

the displacement, as calculated from the ECE

data, for the large amplitude mode in #40554.

The mode structure is almost identical to the

mode structure of the disruption precursor in

discharge #40572 (see Fig. 18) as discussed in

section 2.

The conventional fishbone mode is

thought to be a m/n=1/1 internal kink mode

destabilised by the resonant interaction with

fast particles through the precessional toroidal

drift resonance [23]. Recently it was shown

theoretically that the same resonance can also

destabilise the so-called double kink modes

[24] which are ideal pressure driven modes
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Fig.18 The displacement of the fishbone-like mode in
discharge #40554 (see Fig.17) as a function of the ma-
jor radius (filled diamonds). The magnetic axis is at
R=3.2m, the plasma boundary at R=3.87m. Included in
the figure (open circles) is the displacement due to the
disruption precursor in #40572. The curve without sym-
bols is the calculated ideal MHD displacement of the
n=1 mode. The magnetic axis is at 3.2 m.
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occurring for non-monotonic q-profiles. In particular, phenomena analogous to sawtooth

stabilisation and fishbones excitation, related to the m/n=1/1 internal kink mode, are also ex-

pected for the double kink mode. Off-axis sawteeth have been observed in TFTR and Tore Supra

in the region of the q=2 surface [25]. Sawtooth like modes extending up to the q=2 surface have

been observed in some JET Optimised Shear discharges.

Without a contribution of fast particles the ideal MHD double kink mode becomes unsta-

ble when the minimum of a non-monotonic q-profile is just below an integer value [24]. For

qmin just below 2 a double kink mode is localised inside the two q=2 surfaces and has a domi-

nantly m=2 (n=1) poloidal (toroidal) mode number. The excitation of this mode by fast particles,

when ideal MHD stable, is possible by resonance with the fast-ion precession drift frequency :

ω π
θ

d
E

ZeB R
E MeV kHz~ ~ [ ]

0
2 2 35×

where E is the fast-ion energy, Z the mass of the ions, Bθ the poloidal magnetic field and R0 the

major radius. The precessional drift frequency of the ICRH H-minority fast ions (E ~ 1MeV) is

in reasonable agreement with the observed mode frequency in the plasma frame.

For an ICRH Maxwellian tail distribution, which is of relevance for the JET Optimised

Shear discharges, the critical drop in fast particle beta across the width of the mode for destabilising

the double kink mode is given by [26]:

β ω
ω

ε
h
crit d

A r r

s q

mq
≈ +

0 15

1 2

1

2

. /∆

where s = r/q dq/dr is the magnetic shear at q=m/n (assumed to be the same magnitude for both

surfaces), ε is the inverse aspect ratio, ωd is the precessional drift frequency, ωA the Alfven

frequency, ∆r and r1 are the distance between the two rational surfaces and the average radius of

the surfaces respectively. Thus, the low central shear in OS discharges can lead to a low critical

βh.

The JET Optimised shear discharges have a substantial fast particle content [6] driven by

both the ICRH and the neutral beams. Just after the formation of the transport barrier when the

plasma density is still low, the fast particle content is about 70 % of the total stored energy. The

tail temperature of the fast ions at this time is of the order of 1 MeV. As the plasma density rises

the fast particle fraction falls to 30% at the peak of the neutron rate and the tail temperature

decreases to about 200 KeV.

The displacement due to the fishbone-like mode as measured by the ECE diagnostic (shown

in Fig. 18) is a more global mode than the double kink mode used in Ref [24,26]. The difference

is most likely due to absence of a second q = 2 surface in discharge #40554. The q-profile that

gives the best agreement with the measured displacement and the calculated n=1 ideal MHD



17

displacement has a low central shear and a cen-

tral q of 1.85. The experimental pressure pro-

file used in the calculation of the mode struc-

tures is extremely peaked at the time of the

mode, p0/<p> = 7.5.

The poloidal harmonics of the calculated

displacement are shown in Fig.19. The mode

structure is very similar to the mode structure

calculated for the disruption precursor in dis-

charge #40572 (see section 2). The total dis-

placement along the horizontal axis at the

height of the magnetic axis is included in Fig.

19. The agreement with the experimental dis-

placement is very good in the central part of

the plasma up to 3.6m (see Fig.18). However,

the measured displacement does not show the
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Fig.19 The poloidal harmonics of the calculated ideal
MHD mode structure for discharge #40554 at t=16.08s
as a function of the square root of the normalised poloidal
flux. The upper curve is the sum of all harmonics, i.e.
the total displacement in the outboard mid-plane.

finite amplitude due to the higher poloidal harmonics m ≥ 3. The width of the displacement is

determined by the position of the q=2 surface. The ratio of the amplitude in the plasma centre to

the amplitude at the q=2 surface is governed by the value of q on axis (see Fig. 10).

Although the theory outlined above is for the double kink mode, equivalent fishbone modes

should occur for any ideal MHD mode close to marginal stability. This has been examined with

the CASTOR-K code [27] which numerically calculates the stability of a given mode structure

in the presence of energetic ions. The CASTOR-K computes the additional drive due to the fast

particles from the unperturbed particle orbits. The ideal MHD mode structure that matches the

experimental displacement best (shown in Fig.19) is used in the analysis. The distribution of the

ICRH ions used is a Maxwellian tail distribution with a tail temperature of 500keV: f ~ (1-ψ)4

exp(-T / 500 keV). The computed drive due to the fast particles is shown in Fig. 20 as a function

of the frequency of the oscillating ideal MHD mode. The results show that there is a relatively

broad frequency band for which the fast particles are destabilising the mode. The frequency at

the maximum in fast particle drive is a function of the tail temperature. For the tail temperature

of 500 keV the optimum frequency is 16kHz. (For a 1MeV tail this frequency shifts to ~30 kHz.)

These frequencies are in reasonable agreement with the observed frequencies for the fishbone

like modes in JET, relative to the measured bulk plasma rotation.

Thus, it appears likely that the observed chirping modes belong to the same family as the

disruptive modes (described in section 2) but are destabilised by a precessional drift resonance

with trapped ICRH fast ions. This is supported by the fact that in some discharges the chirping

mode changes continuously into the disruption precursor mode.
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4. THE PICKET FENCE MODE

An unusual mode has been observed for the first time in the JET Optimised Shear discharges. It

regularly appears at low frequency (200 - 700 Hz) during the L-mode phase, usually after the

formation of the internal transport barrier. Its characteristic feature of a regular series of spikes

in the D-alpha and magnetics time traces - reminiscent of a ‘Picket Fence’ - are shown in Fig. 21.

The mode disappears abruptly at the L-H transition. It is localised close to the separatrix with

only the one channel of the ECE diagnostic at 3.81m showing an abrupt change (i.e. fall in

temperature) with each pulse. The mode as seen from a toroidal array of magnetic coils in Fig.

22 has a pulsed n=1 structure and is counter-rotating i.e. its motion is opposite to the bulk

rotation of the plasma core driven by the neutral beams. The structure of the mode is localised

along field lines (probably on the q=3 surface), similar to a snake oscillation [28].

As the mode occurs in the outer regions of the plasma where Te is below 2keV, it is not

seen directly in the SXR diodes. However both the ECE and the SXR data show regular oscilla-

tions in the plasma core when this mode is present. From SXR tomographic reconstruction these

oscillations are interpreted as a bulk counter-clockwise motion of  the plasma core generally at

the same frequency as this mode with an amplitude of 4-6 mm. The mode may play a role in

helping maintain the Optimised Shear discharges in L-mode and has occasionally appeared in

high current neutral beam heated ‘steady state’ elmy H-mode discharges in JET, during periods

when they have fallen into L-mode.

During operation with deuterium-tritium mixtures in the DTE1 Optimised Shear pro-

gramme, this mode was far less prevalent - appearing only briefly in the early (deuterium rich)

phase of a few OS discharges. Its general absence in these discharges may reflect the change in

nature of the edge H-mode transport barrier with its formation at much lower power in D-T [15].
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Fig.21 An example of the ‘picket fence’ mode seen in
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Fig.22 Signals from the toroidal array of magnetic pickup
coils showing the counter rotating pulsed structure of
the ‘picket fence’ mode.

5. SUMMARY AND CONCLUSIONS

During the high performance phase in the JET Optimised Shear discharges, the equilibrium

profiles are characterised by a very peaked pressure profile and a q-profile with low shear in the

plasma centre (with q on axis just below 2). The main limitation to the performance, i.e. neutron

rate, is due to the occurrence of disruptions. The disruptions occur at relatively low values of the

normalised beta, typically between 1 and 2. The mode structure just before the disruption was

found to be a global mode without phase inversions, i.e an ideal MHD mode. The observed

mode structures are in good agreement with the calculated mode structures for the n=1 ideal

pressure driven kink mode. Also the experimental and calculated stability limits based on the

linear MHD model are found to be in good agreement, confirming that the ideal pressure driven

kink mode is responsible for the disruptions.

In the JET Optimised Shear discharges the transport barrier forms close to the plasma

centre and moves radially outward during the evolution of the discharge. This leads to initially

extremely peaked pressure profile, resulting in correspondingly low stability limits for the pres-

sure driven kink mode. The best performing discharges are optimised to such an extent, using

real time control of the heating power, that the discharge follows the calculated stability limit

very closely for more than 1 second. During this time the stability limit increases by a factor 2

due to the changing shape of the pressure profile.

The chirping modes commonly observed in the JET optimised shear discharges have been

found to have the same global mode structure as the mode responsible for the disruption precur-

sor. In the case of the chirping modes, however, the modes are not driven by the thermal plasma
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pressure as is the case for the disruptions but are instead driven by the fast particles created by

the ICRH heating. Numerical calculations with the CASTOR-K code have confirmed that the

global mode structures typical in the JET Optimised Shear discharges can be driven by resonant

ICRH fast particles. This is in agreement with previous analytic results, based on the m/n=2/1

double kink mode, which showed that the influence of the fast particles on the stability of this

mode is similar to that for the more conventional 1/1 internal kink where it can lead to fishbones.

This leads us to the conclusion that the chirping modes observed in the JET Optimised Shear

discharges can be interpreted as m/n=2/1 fishbone modes. As a consequence of the different

driving mechanism the non-linear evolution of the modes is quite different. The chirping modes

are benign except for the rare cases where they grow to a large amplitude. In those cases it leads

to a small temporary drop of the neutron rate but more significantly it may trigger an H-mode

after which the internal barrier degrades.

The good MHD understanding of these Optimised Shear discharges allows the examina-

tion of future scenarios. At present the q-profile and the pressure profile are not optimised and

indeed not optimal with respect to the ideal MHD stability limit. The q-profiles have a low

central shear with q on axis below 2. These q-profiles have been dictated by the requirement of

the creation of a transport barrier at the available heating. This appears to require a q=2 surface

with a small volume inside the q=2 surface. It is well known that this shape of the q-profile (see

also Fig. 12) is not optimal with respect to the pressure driven kink stability limit.

The very high values for normalised beta calculated to be MHD stable, βN ~ 5 (in the

presence of stabilisation due to an ideally conducting wall), reported in [17-19] require a q-

profile with the minimum q above 2 and a broad pressure profile. Without wall stabilisation the

beta limit is much reduced for the q-profile with qmin > 2. A better choice in that case is to

maximise the normalised current, IN= I/(a B) This leads to a q-profile with qmin close to but

above 1 [20]. In the case of a JET-like plasma shape it was shown in Ref. [20] that the beta limit

can still be as high as 3.7 without wall stabilisation. However here also it requires a broad

pressure profile (p0/<p> ~ 2.5-3). It is not clear whether a broad pressure profile is consistent

with the presence of a transport barrier and the corresponding large local pressure gradients. The

present JET q-profiles appear to be in between the two envisaged optimal operating points,

however, with a pressure peaking factor which is almost a factor of two larger than the optimum

value found in [17-20]. Optimising both the shape of the q-profile and the pressure profile may

lead to substantially better performance in the JET Optimised Shear plasmas.
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APPENDIX SXR TOMOGRAPHY USING A STRAIGHT FIELD LINE

CO-ORDINATE SYSTEM

The method for the tomographic reconstruction of the SXR emission uses a co-ordinate system

based on the equilibrium flux surfaces. The poloidal angle is such that the magnetic field lines

appear straight. This choice of poloidal angle has a larger separation of the lines of constant

angle on the low field side which leads to a natural representation of mode structures which are

more extended in poloidal angle on the low field side (the so-called θ* effect). This co-ordinate

system is the same straight field line flux co-ordinate system that is used in the MHD stability

calculations [11]. The magnetic axis of the equilibrium used as a co-ordinate system is adjusted

such that the maximum of the equilibrium SXR emission profile is in the same position as the

magnetic axis. This reduces the number of poloidal harmonics needed to represent the mode

structures of the perturbations.

The perturbation of the SXR emission are represented with a set of basis functions :

S(ψ,θ) = ∑i,m  ai,m H(s-si) cos(mθ+nφ) + bi,m H(s-si) sin(mθ+nφ) (A.1)

where S is the SXR perturbation, s is √ψ with ψ the normalised poloidal flux, θ (φ) the poloidal

(toroidal) angle, m (n) the poloidal (toroidal) harmonic and H is basis function for the radial (ψ)

dependence. H is chosen as a radially localised B-spline. The expansion coefficients ai,m and

bi,m are the unknowns to be determined from the SXR data.

For every basis function the line integral along each of the viewing lines of the SXR

cameras is calculated. This gives a matrix with the relative contribution of each basis functions

to each of the viewing lines. Multiplying the matrix with the vector of (unknown) expansion

coefficients will give the measurement for each viewing line. The resulting system of equations

M(nv × nc) c(nc)= x(nv) for the unknowns ai,m and bi,m is over-determined if the number of

viewing lines (nv) is larger then the number of expansion coefficients (nc).

The system of equations is solved using singular value decomposition (SVD). This amounts

to a least-squares fit of the expansion coefficients to the measurements. Weights can be given to

each of the measurements. The results can be filtered (smoothed) by limiting the total number of

singular values, i.e excluding small values. The distribution of singular values also gives an

indication whether the number of expansion coefficients is too large.

In cases where the perturbation to be reconstructed is growing slowly compared to the

rotation frequency, the measurements at different times can be interpreted as coming from dif-

ferent toroidal angles (assuming a rigid toroidal rotation of the mode structure). This enlarges

the number of independent measurements without increasing the number of expansion coeffi-

cients. Alternatively, it allows to use more than one toroidal mode number in the tomographic

reconstruction.
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