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PREFACE

As part of the winding-up of the JET Joint Undertaking, an agreement was established with
UKAEA to validate the 1999 Gas Box data and make a descriptive analysis of the data. This
report constitutes one of the deliverables specified under the agreement and describes the
descriptive data analysis work undertaken examining results from the Task Force B and C
campaignsin 1999. Two main areas are covered in thisreport - studies of plasma shaping effects
for ITER and studies of various issues for Optimised Shear plasmas. The ITER shaping studies
concentrated on the effects on energy confinement but also included a study of shaping effects
on neo-classical tearing mode stability. The Optimised Shear studies covered a wide range of
issues, including:- diagnostic studies of M SE, and ion temperature measurementsin the presence
of argon; studies of triggering mechanismsfor Internal Transport Barriers (ITBs), the threshold
power to make ITBs and the effect of LHCD modifications to the g-profile on this threshold;
and studies of high B, and high 3, Optimised Shear plasmas.
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1. ITER SHAPE AND ELONGATION STUDIES
D. C. McDonad", PJLomas', JG. Cordey"

JET Joint Undertaking, Abingdon, Oxon, OX14 3EA, UK.
' EUARTOM/UKAEA Fusion Association, Culham Science Centre, Culham, Abingdon, Oxon.
0OX14 3EA

1.1 Overview

The studies were carried out, at the request of the ITER team, to determine the separate effects
of shaping and elongation on confinement in conditions as close to those of the next step ITER-
FEAT device aspossible. 3 configurations were produced: at low elongation (k =1.55) and low
triangularity (6 =0.2), LL; at high elongation (k =1.85) and low triangularity (d = 0.2), HL;
and at high elongation (k =1.9) and high triangularity (6 = 0.35), HH; all at constant minor
radius (am, =84cm). In each configuration, a |, = 1.8BMA/ dgs = 3.3 scenario was developed
and a gas scan of NBI heated ELMy H-modes was made. Two further scenarios were also
developed, inthe HH configuration, to study theindependent effects of current and field scalings,
as well as another scenario in the LL configuration to study the effect of current and constant
field.

The effect of elongation was seen clearly, in agreement with the scaling law (KO'S“—LOS) and
in keeping with the wider JET database. The effect of triangularity did not show up outside the
error bars (50'010'1), although there were signs that densities closer to Greenwald could be
reached at higher triangularity. Inall scenarios, increased density resulted in afall in confinement
and, in particular, the maintenance of good confinement at densities close to Greenwald for high
triangularity [1.1] was not seen. Current and field scalings were in line with the scaling laws. A
fall in confinement with NTM activity was also observed on some pul ses.

1.2 Results

The 1PB98(y,2) scaling law [1.2], based on results from 10 ITER similar machines, expresses
the confinement time of atokamak in terms of eight engineering parameters,

Teonf = 0.0562 x P—0.69 BO.15| O.93K E710.78nO.41a0.58 R1.39M 0.19 (1.1)

where Teonf iSinseconds, Pisin MW, Bisin Tesla, | isinMA, nisin 10 m* aand Rareinm
and M is in the mean atomic mass. K 5 = A/naz, where A isthe poloidal cross-section, is the
preferred elongation measure. Triangularity is not included. To study the effects of shaping,
elongation and confinement loss at large density, we normalise the confinement times of the
pulses in the experiment as,
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conf = Teonf GpsmwO - CRaT0 Ch.8MAD BmO (1.2



where a=84cm and M =2 are constants across all scans and the extra power in the current
term compensates for the change in Greenwald limit between the scenarios.

The confinement time, plotted against density, and the normalised confinement time of
equation 1.2, plotted against density, are shown in Fig.1.1. One noticesimmediately the outlying
HH 1.8 MA /2.1 T point at low density with poor confinement. This is due to a strong NTM,
causing a confinement drop of 22%, and is ignored in the following analysis. In the second
graph we notice a reduction in spread in a given scan, as result of the power scaling, and the
coming together of thetwo L L scans, asaresult of the current scaling. Thisreflects good agreement
with 1PB98(y,2) in terms of current and power.
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Fig.1.1: Effect on confinement of shaping, elongation and density

Comparing LL with HL, in the normalised plot, we see a marked improvement in
confinement consistent with the 18% increase in elongation. Comparing HL with HH, we see
little sign of confinement improvement, suggesting the effect of triangularity issmall. A straight
fit gives

0.810.35 0.0+0.1
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Teonf HKa (1.3)
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strongly in fig.1.2, where the full scaling law
is shown, with its positive density scaling.

scaling law



Although confinement holdsupto n/ngy = 0.65 inthehigh triangularity HH discharges,
thefall off at higher densitiesis strong. On this evidence, it would not be advisable to trust the
scaling laws at higher densities. However, we note here that earlier experiments on JET [1.1],
withthe Mk I1A divertor, and on ASDEX Upgrade [1.5] have suggested a marked improvement
in confinement with triangularity, so it would be wrong to conclude that triangularity had no
effect solely on the basis of these resullts.

It has been suggested [1.1] that the fall in confinement with increasing density can be
modelled by a two term scaling law, with terms reflecting the core and pedestal confinement.
The core is taken as gyro-bohm ,with positive density scaling, and the pedestal scaling is based
on fitting to the pedestal measurements. Taking the pedestal elongation dependence cal culated
from edge LIDAR measurements|[1.3], together with the scaling for current, mass and temperature
based on afit to awider JET database [1.1], we arrive at the two term scaling law.
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Fig.1.3: Comparison of data normalised by thetwo term

JET pulses (209), for which pedestal and core scaling law of equation 1.4

data is available, but it does illustrate how a

separate treatment of core and pedestal scaling results in a greatly improved description of

experiment, particularly regarding the density dependence. At present a larger multi-machine

pedestal database is being developed which should produce accurate two term scaling law.
ELM behaviour was also seen to vary between the discharges, with type | ELMs at lower

densities and type 111 at higher. This seemed to be in accordance with taking the threshold as

P, ;1= 0.25n%°BR?, (15)

[1.4]. A significant fall in confinement intheHH 1.8 MA /2.1 T scenario a n/ngyy = 0.7 was
accompanied by a sudden threefold increase in Type | ELM frequency.



1.3 Summary and futuredirections

With regard to the strong el ongation dependence and the ignoring of triangul arity, the experiment
confirmsthe current scaling law 1PB98(y,2). However, the holding up of confinement, at densities
closeto Greenwald, with increased triangul arity was not observed. Several reasonsfor this have
been suggested, including the nature of the gas fuelling in the divertor and the relative effect of
varying upper and lower triangularity, both of which will be investigated on JET in 2000. The
observation of aloss of confinement at high densities was shown to be in accordance with atwo
term scaling law. The importance of avoiding NTM modeswasillustrated by a dramatic |oss of
confinement in pulses where they occurred.

One outstanding issue is the high current, elongation and field scenario (HH at 2.5 MA /
2.7T), for which therewasabeam failureresulting in only 3 pulsesbeing available at significantly
different powers. Ascomparison of thisscenario with the HL scenario would demonstrate whether
increased shaping gives the combined confinement increases from elongation scaling and
increased volume together, further exploration would provide important information on ITER
scaling.

1.4 Shot List

Pulse numbers Type K o lpla [MA] | B[T] Jos
49164, 49165, 49166, 49167, 49168,
49169, 49170, 49172, 49173, 49581, LL 1.55 0.2 1.8 2.7 3.2
49582, 49583
49180, 49181, 49182, 49185, 49186 LL 1.55 0.2 2.2 2.7 2.7
49146, 49147, 49149, 49151, 49573 HL 1.8 0.2 1.8 1.9 3.3

49126, 49128, 49129, 49130, 49131,
49133, 49134, 49136, 49137, 49138,

49139, 49160, 49161, 49591 49592, N 1.9 0.35 18 21 3.3
49596
49152, 49153, 49154, 49156, 49157, | .. to | oas s ) Le
49150
49140, 49144, 49145 HH 1.9 0.35 25 2.7 3.3
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2.NTMSAND SAWTEETH IN ITER SHAPING STUDIES
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JET Joint Undertaking, Abingdon, Oxon, OX14 3EA, UK
! EURATOM/UKAEA Fusion Association, Culham Science Centre, Abingdon, Oxon, OX 14
3DB, UK.

2.1 Overview

Neoclassical tearing modes (NTMs) are a crucial issue for tokamak performance in baseline
regimesfor next step devices, such asthe ELMy H-mode, limiting attainable normalised plasma
pressure ([3). Present databases are largely based on plasmas with intermediate levels of shaping
(triangularity ~0.3, elongation ~1.7). However the optimisation of the tokamak concept for future
devices, suchasI TER-FEAT [2.1], has pushed to higher elongations and triangularity (triangularity
~0.5, elongation~1.85) in order to improve performance. So, it isimportant to understand how
thisimpactson NTM thresholds, from the perspective of refining estimatesfor the threshold and
attainable normalised 3’s (Bn), but also as a way of testing/examining the many physical
mechanismsthat go into models used to extrapolate to next step devices. Also increased shaping
may change the sawtooth features, such asinversion radius, and it is important to quantify this.
Accordingly a series of shape scan experiments were performed on JET in 1999.

For sawteeth these shape scans show that as the shaping increases the sawtooth period, the
relative amplitude of the sawtooth crash and the inversion radius, all decrease. These shaping
experiments also show there is no significant difference in NTM By—thresholds between high
and low shaping pulses. However, when parameters more closely associated with the physics
mechanisms underlying NTM behaviour are examined, a clear difference is observed, with
thresholds higher for high shaping configurations.

Much of the effect of alower NTM threshold, at lower shaping, can be explained in terms
of the seeding of the NTM, with sawteeth eventslarger at lower shaping, and differential rotation
(between g=1 and g=1.5) lower (which implies weaker dynamic shielding) - both of which
contribute to the observed lower NTM threshold. Geometric coupling factors are thought to be
less significant, with little variation in theratio of sizes of the g=1 to g=1.5 surfaces. Therole of
the seed is confirmed by the strong correlation between sawteeth and NTM onset.

2.2 Results
Dependence on shape of threshold for destabilising NTMs

Three categories of pulse were considered in these ITER shaping studies of: those with high
elongation and high triangularity (‘HH’, 6~0.35 k~1.9), high elongation and low triangularity
(*HL’, 6~0.19 k~1.83) and low elongation and low triangularity (‘LL’, ~0.22 k~1.55).
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Fig.2.1: NTM onset dependence on 3 for an HH and LL pulse. Note the small changein By-threshold despite the

large change in shape.

A study of the onset of m=3, n=2 NTMs
shows that the value of By at which the NTM
istriggered haslittle dependence on the plasma
shapeinthisrange, asshowninFig.2.1, which
istypical, and borne out by wider comparisons
of shape scan pulses with standard shape fits
(Fig.2.2).

This is useful information in terms of
effects on operational limits in global
parameters. However 3y does not accurately
relate to the physics of NTM destabilisation,
which dependson local parametersand profiles
at the g=1.5 surface. Indeed, fits to standard
shape data based on global parametersgiverise
to large, and sometimes systematic,
discrepancies between pulses (Fig.2.3a).
Understanding which local parameters to use
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Fig.2.2: Variation of threshold for m=3, n=2 NTM

with p* (defined with respect to toroidal field). All

data is corrected to vi/ew*=0.058 using the scaling

Bna(v/eawr) ®%". Within the scatter thereisno variation

in threshold for the different shapes.
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depends on the detailed physics of the NTM onset. The threshold for NTM growth is governed
by modified Rutherford equation for the growth rate of an island of size, w:

T, dw

re dt

A +£1/2(Lq/Lp

1 —
+W§/w2

)

2
Wpol
W 2

w

0
O (1)
0



Thisis expressed in terms of the tearing stability parameter (A'), bootstrap current (Bn/w
term which represent the effect of flattening of bootstrap within theisland region), ion polarisation
effect (wy term) and additional transport effects in the island (wy term, which is small for
present devices). L, and L, arethe scalelengthsfor safety factor and pressure gradients, € measures
the radius of the resonant surface normalised to major radius and T, is the resistive time scale.
Theselast two effects act to opposethedrivefor themode at small island sizes (from the bootstrap
effect), leading to the requirement of a seed perturbation. Neglecting wy, the onset requires
W=Aw,, with A>1 and wy, given by,

Woa = [g(v.€) (LA/LP) €]*° pe;
where g isafunction dependent on collisionality, v. The seed must originate from other forms of
MHD, most commonly sawteeth, and so depends on further physical mechanisms governing
size of that MHD, coupling to the NTM resonant surface and shielding effects. The seed size
will aso affect the NTM threshold in By (although a ‘large’ seed will always lead to an NTM
above a given critical By, while if seeds are too small NTM onset will be impossible). The
marginal onset criterion for NTMs arising from Eq (1) is:

(Ly/Lp)°5B, = 1t pgﬁ o(v.£) @

Thus it can be seen that the appropriate local variables to use are (L4/Ly)>°By and pe*.
When the NTM onset is parameterised in terms of theselocal variables, with profile parameters
correctly incorporated, correlation and scatter are substantially improved (Fig.2.3b).
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Fig.2.3(a) By threshold for standard shape pulses versus p* (defined with respect to toroidal field) (b) Same data
fitted using local variables. Note the systematic offset between the MKIIA and Gas Box data is removed when local
parameters are used.



Using local parameters to examine
thresholds for the shape scan pulses, a clear
offset between the HH and LL pulses is
observed (see Fig.2.4), with the LL pulses
having a lower threshold than the HH pulses.
Theaverage discrepancy between thetwo shape
configurations is 33%, compared to a scatter
in standard shape data of 12% about the fit.
This indicates that either the drive and/or the
seeding terms are stronger for LL plasmas.

Weinvestigate how thisresult arisesfrom
the underlying physics, commencing with brief
discussion of pedestal variation, then
examining sawtooth behaviour, before going
on to draw out effectson NTM thresholds and
variation in other terms in the evolution
equation.

Pedestal variations with shape

The height of the pedestal of these ELMy
H-mode plasmas varies somewhat with plasma
shape. Thisis shown in Fig.2.5, where we see
theproduct ‘n.T¢ islarger for HH plasmas. This
will lead to larger thermal energies across the
plasma, and thusraise NTM thresholdsinterms
of By. Interms of local parameters, thresholds
are quoted in terms of (pressure/L,>”), where
the square root comes from including profile
effects in the ion polarisation term. Therefore
we expect the improved pedestal in higher
shaping to raisethresholds slightly (~P*°), due
to thefact that the NTMsaredriven by thelocal
pressure gradient.

The effect of plasma shape on sawteeth
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Fig.2.4: NTM onset dependenceonlocal variables. Note
the systemati ¢ difference between the high shape points
(HH) and low shape points (LL)
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Figure 2.6 shows sawtooth period plotted against By. A clear dependence on shapeis seen for a
given g, and a dependence on qgs for a given shape. For ggs=3.3 the LL pulses have a much
higher sawtooth period than the HH and HL pulsesat agiven By, which are very similar. We can



conclude that elongation has a stronger effect than triangularity over the range studied. For a
given shape we can also see that pulses with ahigher value of ggs have a higher sawtooth period
at agiven By. Thiseffect is most pronounced for the HH pulses, but is also observed to a lesser
extent for the LL pulses. The correlation of sawtooth period with density is less clear, where
sawtooth periods decrease asthe density rises, but thereisvery little clear shape or gqs dependence.
Figure 2.7 shows the sawtooth inversion radius, normalised to the plasma minor radius,
plotted against By. We can see adifferentiation between the LL and HH pulses at higher 3, with
the LL pulses having roughly a25% larger inversion radius for agiven 3. We also see that the
inversion radius increases slowly with 3y. Thereislittle differentiation of different qos pulses.
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Figure 2.8 shows the percentage drop in
the soft x-ray signal at asawtooth crash plotted
against 3, this gives an indication of the
magnitude of the sawtooth. We see a marked
difference between the LL pulses and the HH
and HL pulses, withtheLL pulseshaving much
larger sawtooth crashes than the HH and HL
pulses, which are very similar to each other.
There does not seem to be a dependence on
Ogs- We can see an increase in sawtooth
magnitude as (B is increased, with the effect
being much more pronounced for the LL pulses
than the HH and HL pulses. Thistrend is aso
confirmed from the magnetics data, although
itismuch less clear in this case.
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In summary, more highly shaped plasmas have shorter sawtooth periods, resulting in smaller
crashes (in terms of MHD or SXR emission). Higher 3y results in longer periods and larger
events, as might be expected. The dominant shape effect seems to be through elongation, with
HH and HL pulses behaving similarly. This might also be expected, as triangularity at g=1 is
much reduced compared to at the edge of the plasma. Inversion radii do not vary so significantly,
but are generally larger for LL pulsesat agiven By.

Influences on NTM threshold

The strong correlation between the time of NTM onset and a sawtooth crash, shown in Table
2.1, confirms that sawteeth are the triggering mechanism for the NTMs. The only exception
occurs where an NTM onset coincides with a peak in sawtooth related n=1 activity, rather than
the crash itself.

Table 2.1 Correlation between NTM onset and sawtooth crash

Pulse NTM onset time (s) | Sawtooth period (s) (tNTMterash)/T | (ENTMtpeak n=1)/T
49572 22.09 0.18 0.91 0.000
49579 21.82 0.48 0.021 0.010
49586 24.33 0.28 0.011 0.046
49596 19.73 0.40 0.012 0.121
49164 18.00 0.44 -0.009 -

49168 17.78 0.58 -0.003 -

49566 23.354 - - —

The lower threshold observed for LL pulses correlates well with the observation of larger
sawtooth events for LL plasmas. Thisislikely to be the main reason for the lower thresholds.
However, as discussed in section 2.1 the other termsin the sawtooth coupling and the modified
Rutherford island evolution equation will also depend on shape, and may play arole.

Table 2.2 Relative sizes of the g=1 and g=3/2 surfaces

) HH qgs5=3.4 LL qo5=3.4
49596, ~59.7s 49579, ~62.1s
R(inv’ n) ECE 3.38 3.30/cor to Zmag
R(g=1.5) ECE 3.57 3.48/cor to Zmag
Rmagax EFIT 3.13 3.06
Reen q=1.5 EFIT 3.08 3.02
—(—)rr ('gzlg) 0.51 0.52

10



A comparison of the relative sizes of g=1 and g=1.5 surfaces (the sawtooth and NTM

resonant surfaces) shows little change with plasma shape. Thisis shown in table 2.2 which lists

the locations of the inversion radius and the
0=3/2 surface for atypical HH and LL pulse.
Thus, we expect that the coupling of the
sawtooth to the NTM surface (which occurs
via2,2 harmonics of the sawtooth) to be similar
for the two configurations.

Examining rotation profiles, the LL
pulses all have much lower rotation, as shown
in Fig.2.9, with differential rotation between
0=1 (at R~3.3m) and 1.5 (at R~3.6m) much
reduced. Thiswill reducethe dynamic shielding
of the sawtooth MHD, making the seeding
process easier (and so seed island larger),
offering further potentia to lower thresholds
for LL pulses. It is interesting to note that at
the time of NTM onset, there is no locking
between the g=1 and g=1.5 surfaces.

10

HH: Pulse 49566

{HH: Pulse 49596
HH: Pulse 49572

LL: Pulse 49579
LL: Pulse 49164

{LL: Pulse 49586
LL: Pulse 49168

Angular frequency (10* rad/s)

00 JG00.96/10c

Major radius (m)

Fig.2.9: Rotation profiles (measured by charge
exchange) vs major radius (m), for shape scan pulses at
times of NTM onset. Despite similar heating powers, 3,
, and ranges in toroidal field, the LL pulses all have
substantially lower rotation.

To examine other termsin the evolution equation for the NTM, analyses are underway to
fit theisland evolution equation to the full mode evolution as 3 changes. Thiswill show variation
inthe various NTM drive/suppression terms- A’, bootstrap current, island size at onset and ion

polarisation effects.
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Fig.2.10: Effect of the bootstrap and Glasser terms
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Finally variation in the bootstrap and Glasser terms may be playing arole. Although this
cannot be calculated for small island sizes, it can be calculated when island sizes are saturated,
and thus act as a reasonable indicator of the size and direction of the effect. Calculations based
on standard shape plasmas, based on the equilibrium profiles, (see Fig.2.10) indicate the shaping
effects are relatively weak and may cancel out. However, these cal culations scan separately in
elongation and triangularity; as there are strong cross termsinvolved, afull calculation must be
done (and is underway) to exactly reproduce LL and HH shapes. .

2.3 Summary and future directions

Thereisno significant differencein NTM thresholdsin 3y between high and low shaping pulses
on JET. However, when parameters more closely associated with the physics mechanisms
underlying NTM behaviour are examined, aclear differenceis observed, with thresholds higher
for high shaping configurations.

Much of the effect of alower NTM threshold at lower shaping can be explained in terms
of the seeding of the NTM, with sawteeth eventslarger at lower shaping, and differential rotation
(between g=1 and g=1.5) lower (which implies weaker dynamic shielding) - both of which
contribute to the lower NTM threshold. Geometric coupling factors are thought to be less
significant, with little variation in the ratio of sizes of the g=1 to g=1.5 surfaces. Therole of the
seed is confirmed by the strong correlation between sawteeth and NTM onset.

Further analyses are underway to examine variation of other drive termsin the evolution
equation. Initial resultsindicate that changesin bootstrap and Glasser terms have aweak effect
and elongation and triangularity dependence may cancel out. Clearly there is a need to further
investigate the seeding process and understand the underlying mechanisms more fully, not least
to validate the assumptions in present models.

The higher thresholds (in local parameters) with higher shaping are encouraging for ITER-
FEAT and an enhanced JET, but of course limitsin global parameters (3y) will also depend on
profiles. The smaller sawteeth in the more shaped discharges are also encouraging from a
confinement perspective.
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24 PulseList

The following tables list the pulses for the ITER shape scan experiments in Weeks 43 and 47.
They arelisted as the six separate scans.

High elongation and high triangularity (HH) scanat 2.1 T/ 1.8 MA

nElrJr:ZZr B [T] I [MA] dos kappa delta FMNVI?/]l
49126 2.1 1.8 3.1 1.9 0.31 18
49128 21 1.8 3.1 1.9 0.31 15
49129 21 1.8 34 2.0 0.37 18
49130 21 1.8 3.3 1.9 0.35 19
49131 21 1.8 3.3 1.9 0.34 16
49133 2.1 1.8 3.4 1.9 0.33 15
49134 21 1.8 3.4 1.9 0.36 19
49136 2.1 1.8 3.3 1.9 0.34 19
49137 21 1.8 3.3 1.9 0.35 19
49138 21 1.8 3.3 1.9 0.36 17
49139 21 1.8 3.3 1.9 0.36 18
49160 2.1 1.8 3.3 1.9 0.36 15
49161 2.1 1.8 3.4 1.9 0.36 17
49591 21 1.8 3.3 1.9 0.36 16
49592 21 1.8 3.3 1.9 0.36 17
49596 21 1.8 3.4 1.9 0.36 17
High elongation and high triangularity (HH) scanat 2.7 T/ 2.5 MA
nElrJr:Eir B [T] I [MA] dos kappa delta FI\/INVI3]|
49140 2.7 25 3.2 1.9 0.33 12
49144 2.7 25 3.2 1.9 0.33 16
49145 2.7 25 3.3 1.9 0.35 18
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High elongation and high triangularity (HH) scanat 2.7 T/ 1.8 MA

nElrJr:E(Zr B [T] | [MA] dos kappa delta FI\;I\IVI?I]I
49152 2.7 1.8 4.5 1.9 0.35 17
49153 2.7 1.8 45 1.9 0.35 15
49154 2.7 1.8 45 1.9 0.36 18
49156 2.7 1.8 45 1.9 0.36 18
49157 2.7 1.8 4.5 1.9 0.35 15
49159 2.7 1.8 4.4 1.9 0.34 14
High elongation and low triangularity (HL) scanat 1.9T / 1.8 MA
nELrjr:Sbir B [T] | [MA] Jos kappa delta FI\;I\IV?/]I
49146 1.9 1.8 3.2 1.8 0.18 17
49147 1.9 1.8 3.3 1.8 0.19 17
49149 1.9 1.8 33 1.8 0.19 18
49151 1.9 1.8 33 1.8 0.18 17
49573 1.9 1.8 3.3 1.8 0.19 17
Low elongation and low triangularity (LL) scanat 2.7 T/ 1.8 MA
nzlr{r:i)ir B [T] | [MA] Jos kappa delta FNT\S]I
49164 2.7 1.8 3.2 1.6 0.23 13
49165 2.7 1.8 3.2 1.5 0.24 15
49166 2.7 1.8 3.2 15 0.24 14
49167 2.7 1.8 3.2 15 0.24 11
49168 2.7 1.8 3.2 15 0.23 15
49169 2.7 1.8 3.2 1.5 0.23 15
49170 2.7 1.8 3.2 1.5 0.23 14
49172 2.7 1.8 3.2 15 0.23 15
49173 2.7 1.8 3.2 15 0.22 15
49581 2.7 1.8 3.2 15 0.23 12
49582 2.7 1.8 3.2 15 0.23 18
49583 2.7 1.8 3.2 1.5 0.23 14
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Low elongation and low triangularity (LL) scanat 2.7 T/ 2.2 MA

nElr{r:ls)(Zr B [T] I [MA] dos kappa delta [PNII\IVE]I
49180 2.7 2.2 2.6 1.6 0.21 13
49181 2.7 2.2 2.6 1.6 0.20 14
49182 2.7 2.2 2.6 1.6 0.21 16
49185 2.7 2.2 2.7 1.6 0.20 15
49186 2.7 2.2 2.6 1.6 0.20 11

Shape scan pulses with NTMs

nE#Eir B[T] | 1[MA] dos kappa | delta [Pn;\lvE\;]l NT':’i'n?QSEt
49164 2.7 18 3.2 16 0.23 13 58
49168 2.7 18 3.2 15 0.23 15 57.78
49566 1.45 1.35 3.6 1.9 0.37 16 63.35
49572 1.4 15 2.72 1.9 0.36 16 62.09
49579 1.7 1.15 3.4 16 0.23 8.1 61.82
49586 16 1.3 2.67 16 0.22 155 64.33
49596 2.0 1.85 3.35 1.9 0.36 17.4 59.73
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3. THE INTERPLAY BETWEEN PELLETSAND ITBS

C Gowers'

JET Joint Undertaking, Abingdon, Oxon, OX14 3EA, UK

1

3.1 Overview

Euratom/UKAEA Fusion Association, Culham Science Centre, Abingdon, UK.

During the autumn 1999 campaign a High Field Side (HFS) pellet launcher became available

for thefirst time at JET and the effect of injecting pelletsinto plasmas with an existing Internal

Transport Barrier (ITB) was further investigated. Experiments were conducted to determine:
1. thelifetime of an existing ITB after pellet injection

2. thedifferences between HFS and Low Field Side (LFS) pellet injection

3. thedifferencesin performance between using an ELMy and an L-mode target plasma
4

the overall electron density evolution with and without pellets - the aim being to try to

raise the density in ITB plasmas by injecting pellets

5.  if pellets can be used to peak up the density in the target plasma as in the past with the so

called PEP (Pellet Enhanced Performance) modes [3.1]

3.2 Results
1. Pellets into plasmas with existing I TBs

Figure 3.1 shows a selection of signals from
#49006, areference | TB plasmapulsein which
the ITB formed at around 5 s. The upper trace
showsthelineintegrated density from avertical
chord of the FIR interferometer overlaid with
the calculated line integral signal from the
measured LIDAR density profile. The next
traceisthe D, showing the plasmagoing ELM
free just prior to the giant ELM at 5.81s. The
centretraceisthe neutron rate which increases
rapidly oncethefull heating beginsat 4.2s. The
bottom trace showstheAr influx whichisadded
to control the edge conditions. All the pulses
in the series had Ar added.

The formation of the ITB can be seen in the electron temperature profile where a steep
gradient forms. Thisis shown here in Fig.3.2 where the occurrence of the steep gradient region
can be seen by plotting severa different frequency (and therefore radii) channels of the ECE
heterodyne diagnostic(lower trace). The steep gradient region onthe profileisseen asanincreasing
separation of the signalsfrom adjacent channels. This can sometimes be seen moreclearly if the

MW (10%) s a.u (10%) m—2

(107) counts/s

Pulse No: 49006

=
=)
T

10

10 Argon spectral line intensity @ 353.92A
e /‘"\/\
0

[ | [ | T | | I |

2 3 4 5 6
Time (s)

Fig.3.1: Typical reference | TB pulse with argon seeding

17

JG00.185/1c



difference between adjacent ECE channelsis
plotted (upper trace). Theformation of the I TB
appears as a “spike” on one or two of these
difference signals. In this pulse the ITB
remained until just after the heating was stepped
down at 5.7s.

The second pulse, #49012 Fig.3.3, started
inasimilar way but a HFS pellet was fired in
at 5.18 s as can be seen on the density and Dg
traces. This clearly leads to the destruction of
the I TB as can be seen againin the ECE traces
Fig.3.4 where the signals, having initially
separated at barrier formation, collapse back
together as the plasma rapidly cools on the
arrival of the pellet. Thisbehaviour wastypical
of all pellet pulsesfired into existing ITB’sin

Pulse No: 49006

0 =
Difference signals

oo
I

87

6 Plasma core

- ’,,/'77<

keV

o JG00.185/2¢

35 4.0 45 5.0 55 6.0 6.
Time (s)

Fig.3.2: ECE signals from various radii across the

plasmas (odd channels of KK3/TEOL1to TE19), the

formation of the barrier is evident from the separation

of channels asindicated by the upper difference signals

the Autumn 1999 campaign, be they HFS or LFS pellets. #49012 was interesting because only
one HFS pellet was used and the ITB reformed at about 5.53s, some 350 ms after the arrival of

the pellet.

Generdly, sinceone of theaimswasto try to increase the peak density of the I TB discharges
by using the pellets, severa pellets were fired in a 4 or 5 Hz. Thus any reforming ITB was
guenched by the arrival of another pellet. Figures 3.5 and 3.6 show this for pulse 49008. The
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[ nel

=
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Fig.3.3: Typical pulse(49012) into which apelletisfired
at 5.18s after the ITB is formed
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density trace, Fig.3.5 upper, showsthe pelletsarriving at ~5.14 and 5.34s. Thereisahint that the
barrier had begun to reform as can be seen by brief recovery of the neutron rate signal, Fig.3.5
(centre), the ECE channel separation, Fig.3.6 lower and the spike at 5.3 on the upper traces.
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5 0.2f; B 10F

o+

a
o
N

(1016) S—l

L.5[" Neutrons 0.5+
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Time (s) Time (s)
Fig.3.5: Typical pulse (49008) into which 2 pellets are Fig.3.6: AsFig.3.2 but for pulse 49008
fired at 5.14s and 5.34s after the ITB is formed
Figure 3.7 shows acomparison of severa Selected ECE channels

Plasma core Pulse No: 49676

channels of the ECE heterodyne system on 2 6/ 1E3s

different discharges, one, #49676, had a HFS V
pelletinjected and the other, #49675, hadaLFS € |

ke

pellet injected. The temperature drop close to S

the plasmaaxisin the former was about 3keV W

whilefor the latter it was only just over 1 keV. W
Also the timeto reach the minimum T, on axis GEM
compared with the time of the start of the T, 3 /NXMV——WJ

drop at the edge (arrival time of the pellet in L

e
IN

the plasma) was only about 50-60 ms for the L ——

former but 120msfor thelatter . Clearly pellets 555 560 565 570 575 580

launched from the HFS have a more dramatic Time (9

effect on plasmas with pre-formed ITB’s than Fig.3.7: Comparison of effect on ECE temperatures of

HFS (upper plot) and LFS (lower plot) pellets
do LFS pellets.

Both ELMy and “L-mode” target plasmas were used in the I TB+pellet series to establish
If there were advantagesin using one or the other. The“L-mode” caseswere deemed to be those
in which the type 1l ELMs had all but disappeared as shown in Fig 3.8. The figure depicts
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example Dq.traces for several of the pulsesin
the series, some were HFS and some LFS
pelletsasindicated. However, the outcomewas
alwayssimilar to that showninFig 3.7, i.e. the
type of target plasmadid not affect the outcome,
the pellet destroyed the barrier either rapidly
(HFS) or more slowly (LFS).

The density evolution story is shown in
Figs3.9 and 3.10. On theleft hand side of each
figure are traces from the reference pulse. The
top tracesarethe now familiar heterodyne ECE
signals showing the barrier formation. Below
are shown a series of overlad density time
traces for a number of near centre radii from
the 4 Hz LIDAR Thomson scattering system.
Inthelowest box thesetimetracesare averaged
to form an average central density trace. This

Dq Signal for a selection of pulses
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5 04 HFs
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< 0.2
07
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. 041 LFs
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g 0.2
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5 04T LFs \/\
< 0.2 N
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]
< 0.2
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. 0.4 | Fs s
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© 0.21 g
Vsl ‘ ! ‘ ! ‘ ! ‘ ! 5
4 5 6 7 8
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Fig.3.8: D, tracesfor a selection of HFSand LFSpellets
with L-mode and ELMy H-mode target plasmas

simply produces a central density with reduced statistical spread compared with a single axial
LIDAR trace. On the right hand side in each figure are the similar boxes for either #49012,
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Fig.3.9: ECE temperatures (upper traces), central
LIDAR densities (middle traces) and average of these
densities (lower traces). The left hand figures are for a
non-pellet reference shot while the right hand figures
have a pellet at 5.18s.
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Fig.3.9 or #49008, Fig.3.10. In the former, as we have seen, only one HFS pellet was injected
and the ITB recovered. However, what we observe when we compare the density tracesis that
although the ITB recovered and despite the introduction of the HFS pellet, the peak density
achieved was still somewhat |ess than that produced when no pellet wasinjected and the density
rise was that associated with NB.

In thelatter case, #49008 was a pulse in which a second pellet wasinjected just asthe I TB
was reforming after destruction by the first pellet. However, in this case, the density peak
immediately after the second pellet does appear to be equivaent to that of the reference pulse
which had no pellet injection. This may indicate the way to increase the density in ITB plasmas
I.e. firein severa pelletsbut at alower rate. From #49012 one would deduce that aseriesof 2 Hz
pellets should be tried. This would give a clear recovery period for ITBs to reform after each
pellet and may allow the density to be “ratchetted” up to alevel significantly higher than in the
reference, no pellet, case.

Table 3.1 lists the pulses in which pellets were injected into existing ITB plasmasin the
Autumn 1999 campaign and summarizes some of the measurements above.

Results 2. PEP-mode attempts

Here the aim was to try to reproduce target
density profiles similar to those generated in
the past in the so called Pellet Enhanced
Performance mode. An example of the steep
gradient, high central peak density profile
produced in the past isthat shownin Fig.3.11. -
This shows LIDAR n, profiles for old pulses / \;ummmﬁs "
#24464 (with pellet) and #24463 (reference 2 '
without). It should be noted that PEP modes
were re-established in 1998 (eg pul se 46365) =
Some typical traces for a pulse in the R (m)
Autumn 1999 campaign are shownin Fig.3.12 Fig.3.11: Density peaking achieved ina 1992 PEP mode
for pulse #49338. This shows the q(0) from (24469
EFIT in the top box followed by the heating waveforms, the number of pellets and their timing
and the evolution of the resulting neutron rate in the bottom box.. For this pulse, the density
profilesfrom the LIDAR system just before and just after the pelletswere injected are shownin
Fig.3.13. The sequence shows that initially, the pellet ablates in the outer regions of the plasma
producing hollow density profiles. Thesethen proceed to “fill in” to producethetarget ne profiles
like that at 3.627 s.

t=5.66s

/Pulse No: 24464

JG00.185/11¢c
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Fig.3.12: Timetraces for a PEP mode attempt fromthe  Fig.3.13: Evolution of the density profile for the pulse
Autumn 1999 campaign shown in Fig 3.12

Although peaked on axis, these are rather broad density profiles and the peak value is not
very high in comparison with the old data. There were 2 notable exceptions in the data set.
Virtually all the HFS pellet launches produced results like those for #49338 except #49334, Figs
3.14 and 3.15. The target ne profile for this pulse at 4.127s has a density peak which although
small, bears a remarkable resemblance (steep gradient, central peak) to those of the old PEP
mode. In addition, for this pulse the q(0) evolution is significantly different. Unlike therest in
which EFIT indicates that the q(0) hovers around 2, for #49334, q(0) plunges down towardsl.

Pulse No. 49334 Pulse No. 49334
n, profiles HFS ol %o
— : —3.627s
1,
ér Power
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2
i =
E ~
g 4 0 ’
8 6 Pellets
5 4
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2+ o~
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Q |U) 47 123
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0 T L 1 L e 3 0 L L L L 1 8
2 3 4 3 4 5 6 7
R (m) Time (s)
Fig.3.14: Evolution of the density for pul se 49334 which Fig.3.15: Time traces for pulse 49334
has string of HFS pellets before the heating is applied
(seeFig.3.15)
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A similar difference has been observed when trying to form an ITB. In plasmas which do not
form an ITB, g(0) stays high i.e. above 2 whereas in plasmas that do form an ITB, q(0) does
swiftly move to values of q(0) significantly below 2.

Figures 3.16 and 3.17 show the results for a LFS pellet launch #49357. Here again the
behaviour is remarkably different in that the density reached is a factor ~3 higher than for the
HFS launch. This was the only PEP attempt in the campaign with a LFS launch. Clearly, both
these cases warrant further study in the coming campaignsin the attemptsto raise the density in
ITB plasmas.

Pulse No. 49357 Pulse No. 49357
1.6F
Ne LFS 2
14+
---3.877s
4.377s 1
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4 PRI AS \(g,/ ) " N\ o
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1 Pt Saa s \ N | L
. - . \ 4
= [ - “""}v o @ o
or il N oo,
{ \ - 2 2
04"'T'l" . | . ‘“T""'"" 3 0 1 1 ! | ] 8
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R (m) Time (s)
Fig.3.16: Evolution of the density for a LFSPEP mode Fig.3.17: Time traces for pulse 49357
attempt

Table 3.2 lists the PEP attempt pulses of the Autumn 1999 campaign. It also contains the
number and timing of thelast pellet and the start time of the main NB heating pulse. The results,
though not as good as the old PEP performance, are nevertheless in some cases within about
30% in terms of R, of the results achieved in the past.

3.3 Summary and futuredirections

In no case studied in the Autumn 1999 campaign did apre- existing I TB survive pellet injection.
However, ITBs did reform after the pellet induced collapse. The decay time of the core T.is
significantly shorter for HFS pellets than for those from the LFS. Choosing ELMy or L-mode
target plasmas made no significant difference to the outcome. In this data set, reformed ITB
plasmas after pellet injection did not produce higher central densities than plasmas without
pelletinjection. However, the pellet rate at 4 Hz was certainly too high to alow I TB recovery for
any significant time between pellets. Only modest performance enhancements of R, were achieved
in PEP mode target plasma attempts but these were within about 30% of those produced in the
past.
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In the future we should:
. To try to raise the density in ITB plasmas, a pellet rate of no greater than 2 Hz should be
used. This should allow the ITB to recover and last for a sufficient time to re-establish
some density recovery which may yet lead to “ratchetting up” of the central density.
. In addition, LFS pellet injection should be used as this seemed less destructive
. Try smaller (1/2 size?) pelletsto lessen the impact and allow faster recovery
. For PEP mode targets, try to build on the n, profile of #49334 which although lower
density, was remarkably similar to the old PEP modes. Also try to use LFS pellet injection

in this case.

Decisions on future directions for pellet experiments should be aided by pellet ablation
modelling which is now proceeding in some EURATOM Associations.

3.4 Shot List

Table 3.1 liststhe pulsesin which pelletswereinjected into existing I TB plasmasin the Autumn
1999 campaign and summarizes some of the main parameters.

Table 3.1: Pulses from the Autumn 1999 in which pellets were fired into an existing I TB

HFS Tot
Pulse pteilrlne; ! pellet 2 | pellet 3 | pellet4 | or ITL?.S.T%? cotigc(?a/s) ia(?gse) pow

LFS (MW)
49006 | None REFERENCE PULSE Grassy ELMs 17.5
49008 5.1 H ELMy 70, ~1lms 17
49012 5.2 H ELMy 45, ~1lms 16
49015 5.25 H ~L-mode 65, ~lms | 17.5
49666 5.6 5.85 H ~L-mode 39,25,35 | ~Ims | 22
49668 5.6 5.85 H ~L-mode 45, 36 ~lms | 22
49670 5.6 H L-mode 40, ~lms | 22
49672 5.6 L ELMy 160, ~5ms 22
49673 5.6 5.85 6.1 6.35 L ELMy 100, 100 | ~3ms | 23
49675 5.6 5.85 L L-mode 98,120 | ~5ms | 21
49676 5.6 5.85 H ~L-mode 54, ~1lms 23
49477 5.6 5.85 L ~L-mode 100, 24
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Table 3.2 liststhe PEP attempt pul ses of the Autumn 1999 campaign. It also containsthe number

and timing of the last pellet and the start time of the main NB heating pul se.

Table 3.2: PEP attempt pulses of the Autumn 1999 campaign (Ip=2.5MA and Bt=2.6T pulses)

LFS | Time .

P;J]Ise (MNVBV) (,\'}VFV) Pellets or plslTét NBon| dt | ne(0) pggk \m‘;‘ HFS FF“; 24464
49330 | 6.9 | 4.7 2 High | 44.1 | 44.157 | 0.057 | 1.9 | 1.171 0.17

49331 12 5 3 High | 44.1 | 44.16 | 006 | 4.6 | 1.313 | 3.3 | 0.37

49332 | 12 5 4 High | 44.1 | 444 | 0.3 5 | 2063 | 4 | 053

49333 | 12 5 3 High | 43.85 | 44.16 | 0.31 | 46 | 2.016 | 4.1 | 0.63

49334 | 125 | 4 4 High | 43.85 | 44.16 | 0.31 | 56 | 3.802 | 4.1 | 0.53

49338 | 12 | 4.8 2 High | 43.25 | 43.75 | 0.5 4 1.86 | 41 | 0.7

49339 | 115 | 5 3 High | 44.35 | 4467 | 032 | 65 | 2133 | 42 | 06

49352 | 12 5 4 High | 44.1 | 444 | 03 | 48 | 1895 | 4 | 06

49357 | 12 5 4 Llow | 441 | 444 | 03 | 145 | 2594 | 3.6 0.36

49358 | 12 5 3 High | 45.1 | 454 | 03 | 6.2 | 1.874 | 4.2 | 0.65

24464 | 13 0 1 Llow | 45 | 4502 | 002 | 9 7 0.95
References
[3.1] CD Chalisetal. Fusion Engineering and Design 26 (1995) 17-28
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4. OBSERVATION OF SNAKESIN THE OPTIMISED SHEAR REGIME
B. Alper’, S. Allfrey’, Yu. F. Baranov', D.N. Borba®, T.C. Hender", N.C. Hawkes"

JET Joint Undertaking Abingdon, Oxon, OX14 3EA, UK.
! EURATOM/UKAEA-Fusion Association, Culham Science Centre, Abingdon, Oxon, UK.
> EFDA-JET Close Support Unit, Abingdon, Oxon, OX14 3EA, UK.

4.1 Overview
Background

Snakeswith an (m,n)=(2,1) topology wereregularly seen in Optimised Shear (OS) discharges[1]
following formation of a strong Internal Transport Barrier (ITB). These snakes were seen in
caseswhereastrong I TB formed inside, but close to, the g=2 magnetic surface. Their formation
is believed to be dependent on the low magnetic shear and low values of transport coefficients
that prevail locally under these conditions.

The radial location of the snake was inside, but near the foot of the ITB. It generally
moved inwards with time. Erosion of the ITB, from the outside inwards, took place following
formation of the snake. Thisled to loss of both the ITB and the snake. The enhanced heat loss
from the erosion of the ITB usually resulted in an ELM-free H-mode and a termination of the
good confinement phase with a Giant ELM. However, when impurities (e.g. Ar or Kr) were
puffed in to the plasmato cool the edge, acyclic ITB /snake behaviour could be observed.

Objectives
The primary aim, here, is to produce a database of pulses from the autumn '99 experiments
where snakes have been identified and where possible to detail, in time and space, the location

of the g=2 surface as an aid to magnetic profile analyses. In addition, an evaluation of snake
phenomenology and the conditions under which they occurred would be carried out.

4.2 Results
Pulse No: 46103

200
Results of the survey

A detailed survey of fast magnetics data for 150
Task Force B/C shots was carried out. Fourier
spectra from the 1IMHz magnetics data of the
KC1F diagnostic were examined from the
autumn 1999 campaigns. Signsof themultiple-
harmonic traces, characteristic of the presence
of snake asillustrated in Fig.4.1, were sought. 40
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Fig.4.1: Fourier spectrogramfromthe KC1F diagnostic
showing the multiple harmonic character of the snake
which appears 4 times between 5.0 and 5.6s.
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Those discharges in which a possible snake was identified are summarised in Table 4.1.

Table4.1: Adetailed summary of all the snake-candidate shotsfromthe autumn’ 99 campaign. In only ~4 shotswas
a clear unambiguous signature of a snake apparent in the raw data.

Shot Times CATS Window? Type Comments

48907 5 No Startup Lives for~100ms

48960 5/5.2 No Startup Clear KC1F data

48974 5 Yes at 3.55m Startup Weak but just visible

49017 5.3-5.7 Yes High -Bn Many (~11) too faint to see in raw data
49340 54 Yes at 3.4m NBI only I(_3O T‘)J fl;(i)vneidlvggg-mOms)/ Good CATS/
49342 | 53 | Yes(at4sess) | NBlonly | -ondLved mode (over4ooms) -ink
49365 55 No NBI only Snake becomes kink mode

49392 45 Yes Sept. Av. ifhtiar)(;;emely short bursts, probably a
49406 7.2 Yes Sept. Av. 8?heeref;:§]g‘i/'|3l’4%h°” event swamped by
49415 6.7 No Sept. Av. one , ~20ms, between CATS windows
49615 6.0-6.3 No High -Bn only a faint hint

49616 6.1-6.3 No High -Bn maybe 3 faint bursts in KC1F

49618 6.0-6.2 Yes High -Bn similar to 49616 - lost in background
49619 | 59-6.1 No High -pn similar to 49616

49680 6.2 No LH preheat | ~20ms duration

49788 59 No High -Bp more like WB mode than snake

49794 5.9 Yes High -Bp Faint hint only - not visible in raw data
49798 6 Yes High -Bp 2 short bursts - global mode dominant

Where a snake was suspected, more detail ed examination was performed using datafrom
the CATS fast data acquisition system provided a fast window was available at that time.
Otherwise, the raw data traces from only the CATS continuous magnetics channel were used.

From this survey it became apparent that:

. the occurrence of snakes was low in the autumn campaign,

. where present, the snakes generally produced only aweak magnetic signal and were almost
undetectable in the SXR and ECE data,

. they had little or no apparent effect on confinement ... and

. in a number of cases evolved into an ‘internal kink’ mode i.e. a harmonically purer, less
localised, (m,n) = (2,1) mode.
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Only four cases of a‘clear’ snake were observed in the data set and only one had good
CATS data to localise the mode. This was shot 49340 with the snake centred on 3.42 metres.
Valid MSE datais available for this discharge, so the location of aq=2 surface at thisradius can
be used as a constraint in any fit to the g profile.

For completeness a similar, but less detailed survey, of possible snakes from the spring
1999 campaign (i.e. pre— EPS’ 99) was performed and is summarised in Table 4.2. The occurrence
of snakes was somewhat higher here particularly in the earlier half of the campaign.

Table4.2: A summary of snake candidate shots fromthe spring ' 99 campaigns. Strong snake signatures were more
common early in the campaigns.

Shot Times Comments CATS Window?
47011 5.8 20ms ends barrier No
47049 5.7 30ms strong Yes
47057 6.1 30ms strong No
47058 5.7 30ms strong Yes
47070 6.0/6.3 30ms No
47078 5.8 30ms strong No
47104 6 2s snake? No
47201 6.5 2s Global mode? Yes (end)
47227 6 strong No
47228 6.3 strong No
47229 59 ~30ms No
47232 6.5 ~20ms No
47234 6.2 ~20ms No
47235 6.9 ~10ms No
47336 6.6 ~20ms No
47342 6.9 ~10ms No
47349 7.1 ~10ms No
47402 7.3 ~10ms No
47432 6.3 OK Yes at 3.48m
47444 6.3/6.9 as' 452 Yes at 3.55m /No
47449 6.2 Faint Yes?
47452 6.3/6.8 shake & saturates Yes/Yes
47459 7.1 Mode-locks At onset
47685 5.3 faint No




Shot Times Comments CATS Window?
47705 5.3 Global mode? Yes
47843 3.3 Long Yes
47849 3.4 ~400ms Yes
47867 3.5 ~30ms
47868 35 ~30ms
47887 5.4 20ms faint
47888 5.6 20ms faint
47903 4.8 v.low freq.

48163 5.7/5.9 20ms faint
48165 5.2 20ms faint
48167 5.2 20ms faint
48168 5.2 20ms faint
48169 4.2 20ms faint

Shake Phenomenology

A detailed ‘' CATS analysisof the properties of
the snake for shot 49340 was performed. In
Fig.4.2 a cross-correlation between the ECE
(Te) diagnostic and a magnetics signal was
carried out. The multiple harmonics in the
magnetics signal (trace (d)) are clearly seenin
trace (c) which correlate well with the ECE data
—trace (a) —at around 3.4m. Trace (b) indicates
no phase change across the snake, suggesting
akink-like structure.

It is believed the relatively low rate of
snake occurrence in this data set is primarily
due to the fact that a push to achieve high
performance OS shots was not an objective of
theautumn’ 99 run. Itisin such dischargesthat
strong transport barriers occur which appear to
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Fig.4.2: Plot of cross-correlation between a magnetics
signal and the ECE diagnostic array (KK3). The strong
coherenceislocalised at R=3.4m.

be akey trigger to the formation of asnake. For comparison, ascatter plot of By vs. |; for the data
in Table 1 combined with data from earlier O.S. shots is presented in Fig.4.3. The four clear
snakes are shown as filled circles and the rest as light squares. Their location on the plot is
consistent with the earlier data set. The four snakes are aso included for comparison with an
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Fig.4.3: Scatter plot of By vs. |, categorised according
to MHD activity. The properties of autumn ' 99 data set
are consistent with the earlier (pre EPS’99) shots.

earlier dataset in Fig.4.4 which shows ascatter
plot of lon Pressure Peaking against (By. It
should be noted that points in the earlier data
set are taken at peak performance only.

As noted above, some of these shots
evolved away from the localised structure of a
snake into ‘internal kink’ modes. This is
illustrated in Fig.4.5, which gives two 2ms
snapshots, 60ms apart, of a magnetics signal
for shot 49365. The relatively sharp spike,
characteristic of asnake, seenintrace (a) soon
evolves into a more regular signal, trace (b),
characteristic of an internal kink.

4.3 Summary
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Fig.4.4: Scatter plot of ion pressure peaking vs. By for
pre EPS’99 data (taken at peak performance) with the
4 clear snake candidates included asfilled circles.
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Fig.4.5: Magnetics signals for two 2ms windows
separated by 60ms illustrating how the narrow ‘ spiky’
signal characteristic of a snake evolves into a broader
signal characteristic of an internal kink.

A comprehensive data set of m=2 snake occurrencesfrom the 1999 campai gns has been produced.
In general snakeswereless prevalent in these campaignsthan in the higher performance discharges
from earlier O.S. campaigns. Where they did occur, their properties were consistent with those
found previoudly. It isrecommended that an examination of KC1F spectrafor snake occurrences
Is carried out on the days immediately following an OS campaign and a record kept to aid

subsequent g-profile analyses.
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5.1 Overview

The so-called advanced tokamak scenarios might allow more effective, and economic, reactor
operation thanthe ELMy H mode reference scenario, considered for ITER. In addition to common
requirements with the reference ITER scenario, such asthose referring to access to high density
operation, divertor compatibility and helium retention, advanced scenarios require operation
with simultaneously:

. high confinement,

. high-normalised beta and

. high bootstrap current operation, i.e. high poloidal beta.

So far, some of these conditions have been achieved in plasmas with Internal Transport
Barriers (ITB) where turbulence is at least partly stabilised either at the location of the ITB or
within the ITB. This section will describe the results achieved in JET on the development of
high confinement, high-normalised beta advanced scenarios based on plasmaswith I TBs. It will
be shown that steady plasmaswith wide | TBs, high confinement and high-normalised beta (H89x
Bn~7.3) have been achieved in Optimised Shear plasmas, by controlling edge conditions and
pressure peaking through impurity injection and control of the heating waveform. In thistype of
discharge interaction with the septum is thought to lead to an eventual collapse of the ITB and
techniques of avoiding the septum by moving the divertor strike-points has allowed steady high-
normalised beta plasmas to be obtained. These data, together with data achieved at high 35 (see
Section 6) are very encouraging for future developments on JET and for the future of advanced
scenarios.

5.2 Results
Optimised Shear scenario with steady I TBs

In JET, plasmas with ITBs are produced in the so-called optimised shear scenarios [5.1] with
pre-heating and the main heating during the current ramp-up phase of the plasma. A moderate
heating (about 2 MW of 1on Cyclotron Heating, |CRH) during the ramp-up phase of the current
(rate of about 0.4 MA/s) slows down the diffusion of the plasma current without triggering
MHD activity, which in-turn might induce anomalous current diffusion. The timing of the main
heating phase (Neutral Beam Injection, NBI, and ICRH) is adjusted to have arational q surface,
generaly g=2, in the plasma of adequate radius [5.2]. In order to delay the triggering of an
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Fig.5.1: Time evolution of typical traces of pulse 47413.

H-mode (the applied power being generally higher than the L to H-mode power threshold) the
strike points of thelast closed magnetic surface (LCMS) arelocated in the corner of the Gas Box
divertor, in order to maximise the pumping. Even if an H-mode is triggered, good pumping
prevents the build-up of large edge pressure gradients that have been found to prevent the
formation of an ITB [5.3].

In JET, steady I TBs are only produced when excessive peaking of the pressure profileis
avoided [5.4] which might otherwise lead to disruptive external kink modes or to creation of
snakes [5.5]. Thisis achieved by controlling the plasma edge with impurity injection (argon or
krypton) and by adjusting the power waveformsto slowly build-up the plasmapressure. Radiation
from injected impurities, in the range of 40% of total radiated power, alows the current profile
to be controlled and type | ELMsto be avoided. Inthis casethe g=2 surface slowly increases and
large ITBs are produced, allowing good confinement to be achieved. These ITBs being rather
wide are very sensitive to the radial energy losses occurring during large ELMs. An example of
a high beta steady pulse produced for a magnetic field of 3.4T isshownin Fig.5.1.

Large steady values of the product HggX[3y (up to 7.3), have been produced for several
confinement times, for OS plasmas at B;=2.6T as shown in Fig.5.2 [5.6]. HgoXBy is the usual
reference quality factor for advanced scenarios A fusion yield of up to 10MW of equivalent DT
power is achieved for the pulse shown in Fig.5.1, with confinement and beta significantly
exceeding the corresponding val ues obtained with an ELMy H-mode plasmas produced at similar
magnetic field and plasmacurrent [5.6]. Such high performance can be maintained for aslong as
the power is applied. This time of about 5 to 6s, which corresponds to the maximum technical
capability in JET, isonly afew times the energy confinement time.
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Fig.5.2: Time traces of typical signals for pulse 46695
(2.67).
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Itisto benoted that some event, especialy at high beta, often interruptsthe high performance
phase before the end of the additional heating power phase. An example of this can be seenin

the pulse shown in Fig.5.1. A small event
appearsjust beforetheend of additional heating
application, which does not correspondsto any
MHD activity and induces a neutron rollover.
A possible explanation is linked to interaction
with the septum part of the Gas Box divertor,
whichwill be discussed in the next sub-section.

Interaction with the septum

Asshown in Fig.5.3, the last closed magnetic
surface for standard optimised shear
configurations came very close to the septum
when betaincreases; somevisiblelight emitted
from the septum was often observed in such
cases.

Pulse No: 46695 B, =2.6T I,=2.6MA

w
o
w

R (m)
Fig.5.3: Last closed magnetic surfaces for a high
normalised beta pulse at B=2.6T (pulse 46695) during
thelow and the high beta phases of the discharges (from
EFIT).

In order to possibly assess the effects on the plasma associated with such an interaction,
optimised shear plasmas at relatively low betas were produced with the LCM S very closeto the
septum as shown in Fig.5.4. With such a configuration, large ELMs are triggered about 1 sec
after the time where the magnetic surface is set close to the septum, as seen in Fig.5.5. An edge
density increaseisalso observed. Thisislikely to be dueto the gasrelease during theinteraction
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Fig.5.4: Last closed magnetic surface for pulse 49409.
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Fig.5.5: Timeevolution of typical tracesfor pul se 49409.
Theincreasein central and edge density islinked to the
triggering of type | ELMs.

35

NG00 132126



with the septum, which seemsto play asimilar role as gasinjection in the scrape-off plasma. As
aresult, the edge conditions are modified, in particular the nature of the ELMs: from very grassy
ELMsto large ELMs (which seem like type | ELMs). This might be due from changing edge
plasma conditions with high Te and low ne to edge plasmaswith low T and high ne [5.7]. In that

process Type | ELMs are triggered after a
period of type Ill ELMs. It can be seen from
the neutron signal evolution, that thetriggering
of largeELMsentailsthelossof thel TB [5.8].
As an attempt to avoid this interaction,
discharges have been developed in which the
magnetic configuration has been modified once
the ITB was triggered in order to avoid
interference with the septum as shown in
Fig.5.6. Strike points are moved up on the
divertor vertical target plates. The triggering
of large ELMs can only be avoided when the
clearance to the septum is sufficiently large.
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Fig.5.6: Last closed magnetic surfacesfor pulses49617
and 49621.

Asaresult plasmas with ITBs can be maintained without changes in the edge behaviour,
as shown in Fig.5.7. The time evolution of edge plasma density is shown in Fig.5.8 for this
series of pulses. In the case of septum interaction, the edge density remains low when the strike
points stay in the divertor corner with relatively high pumping speed. But then edge density
starts to increase before the triggering of large ELMs.
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Fig.5.7: Timeevolution of typical tracesfor pulses49617
and 49621 with and without septum interaction.
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When the septum is avoided, the edge Pulse No: 49621 (from ECE)
density increases, probably due to lower
pumping, but remains at a steady value
allowing ITBs to be maintained. This is
confirmed by the time evolution of the ITB as
given from the radial profiles of electron
temperature (shown in Fig.5.9). The ITBs are
rather wide (about r/a~ 0.7) and the electron
temperature outsidethe ITB isquite high. Asa )
result, the pressure gradient in the ITB area
tends to weaken. A weakening of the ITB can

T, (keV)

JG00.132/8c

O ! !

also beobserved at aradius of about 3.5m. This 31 32 33 34 35 36 37

. . . R
can be linked to tearing modes and will be _ (@
Fig.5.9: Time evolution of radial electron temperature

discussed | ater. profiles (from ECE data).
So, even though steady I TBsat high beta

have been produced in this way, this technique of septum avoidance might not be a long-term
solution due to thisincrease in edge pedestal. A real long-term solution is probably the removal
of the septum (as planned for 2001).

High normalised beta data base

Two set of databases have been set-up for optimised shear discharges produced at magnetic field
values2.6 and 3.4T , for which alarge number of pulsesexist. The database that will be discussed
here refers to the dependence of normalised beta with power in an attempt to establish if alimit
in normalised beta has been observed. Therefore, sel ected pul sesare of thetype showninFig.5.1
(3.4T) and in Fig.5.2 (2.6T) (see annexes 1 and 2). The selected pulses are:
. disruption free, i.e. not limited by kink modes,
. do not show snakes,
. have an ITB triggered when a g=2 magnetic surface exists,
. show a steady value of normalised beta,
. total power ismaintained more or |less constant for about 0.5sec before the steady phase of
By-
In order to achieve steady I TBs, argon seeding at the edge has been used for most of the
pulsesin the database. ITBs so produced are wide and the pressure peaking is moderate.
The dependence of normalised betaversus additional power isshownon Fig.5.10. It should
be noted that the power required for triggering an ITB at amagnetic field of 2.6T isaround 15
MW. Therefore, the achieved normalised betaat this power level might below dueto the closeness
to “threshold” conditions, but ITBs have been produced in all pulses of Fig.5.10.
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Fig.5.10: Normalised beta versus additional heating
power for Bt = 2.6T. Open points correspond to data
achieved with septum avoidance technique. Solid points
correspond to a set of consecutive pulses with very
similar conditions but for septum avoidance.

It is also to be noted that the 46 pulses
used for this database were produced with
varying conditions, in particular concerning the
timing of the high power phase and the shape
of the power waveform. This explains a
substantial scattering of datafor agiven power.
Sincewe areinterested in assessing apossible
betalimit, the envel ope of the maximum values
of normalised betas should considered for this
purpose. A weak saturationisclearly observed.
It is also to be noted that the beta normalised
achieved with septum avoidance technique
discussed in the preceding section, are slightly
below thetrend of the other data. Thisisfurther
exemplified in Fig.5.11 were only data
achieved with similar conditions (power and

argon waveforms, etc...) are plotted. The only difference for these consecutive pulses is the
location of thelast closed magnetic surface strike pointsfor the pul seswith the septum avoidance
technique and for the power. In thisfigure, asaturation of normalised betais not obvious. Power
in excess of the available power for this series of experiments: 18 MW of NBI and 10 MW of

ICRH isreally necessary to assess the beta limit.
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Fig.5.11: Normalised beta versus additional heating
power for steady ITBs achieved for similar conditions
but for the location of the last closed magnetic surface
strike pointsand for the power. (Pulses49613 to 49621).
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A similar plot of normalised beta versus additional power for amagnetic field of 3.4 T is
shown in Fig.5.12. Here also some scatter of the dataiis observed but thereisno clear indication
of beta saturation. Available power is clearly not sufficient to assess beta saturation, at least for
these scenarios.

Normalised beta saturation and MHD activity

MHD analysis of JET optimised shear discharges has indicated that the pressure profile plays a
key role, especially for the external kink modes[5.4] and also for the appearance of snakes[5.5].
In this report, only soft events, such as tearing modes, are present in al pulses used for the
normalised beta database.

Typical spectrograms of MHD activity are given in Fig.5.13 for pulses with and without
septum avoidance. They show the presence of high n tearing modes, including n=2, 3 and 4
modes with no indication of a precursor in the case of the non-septum avoidance case whose
ITB collapseswhen type| ELMsaretriggered. The displacement and the phase of the n=3 mode
at about 51 kHz is shown in Fig.5.14. The phase inverts at about 3.38 m indicating an island of
about 2 cm width. This mode also couples to another mode near 3.6m with only a 0.5cm
displacement. This mode may be the cause of the weakening of the electron ITB, that can be
observed in Fig.5.9.

Displacement and phase of n = 3 mode
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Fig.5.13: MHD spectrograms for pulse 49619 (without
septum avoidance) and 49621 with successful septum  pulse 49621.
avoidance.

Modes with even higher n number have been observed with n up to 8 and frequencies up
to 100 kHz. For instance, thereisalong-lived n=5 mode throughout the high power phase of the
steady high fusion yield pulse 47413 (Fig.5.1). These modes might produce a slight local
weakening of the transport barrier but they are no indications that they are causing the neutron
rollover.
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The neo-classical nature of these modesis debatable. An MHD analysis has been made of
pulse 46695 (Fig.5.2) [5.9]. Modes (n=2 and n=6) grow out of the noise without any obvious
trigger event, and the n=2 mode amplitude seems to be well correlated with beta. This might
point towards aneo-classical nature for this mode. But thereisno inversion in phase (from ECE
channels) for this n=2 mode, therefore indicating kink mode type behaviour. So, the nature and
drive of these modes remains an issue for further study. Irrespective of their origin these modes
seemsto affect the quality of the I TB and therefore the achievabl e beta[5.10] (but do not lead to
abeta saturation). It will be interesting to devel op techniques aimed at avoiding them.

It isinteresting to note that an estimate of the MHD stability of the JET optimised shear
plasmas, with relevant pressure profiles, has indicated that plasmas with normalised betas up to
2.5 will be stable against external kink modes. This analysis was done assuming some wall
stabilisation [5.11]. Achieving higher beta values would require modification of the current
profile.

5.3 Summary and future directions

. Steady plasmas with wide ITBs, high confinement and high-normalised beta have been
achieved with Optimised shear plasmasby controlling edge conditions and pressure peaking.

. Steady values of the product H89x 3, which is the usual factor of merit for advanced
scenarios, have been obtained up to 7.3 for 2.6T/2.6 MA discharges with an argon seeded
edge.

. Interaction with the septum islikely to inducetype | ELMs and subsequent collapse of the
ITB.

. Septum avoidance techniques have been devel oped by moving up the strike points on the
vertical plates once the ITB is formed, and steady high-normalised beta plasmas have
been obtained.

. But these plasmas with raised strike points have asomewhat lower 3, probably dueto too
high an edge pressure caused by the lack of pumping. A real long-term solution appearsto
be the removal of the septum.

. High n MHD modes seem to locally affect the ITB but do not cause a saturation of (3.
Their neo-classical nature is debatable and should be the subject of further study.

. Total present available power (18MW NBI and 10 MW ICRH) is not sufficient to really
assess 3, limitsin the presently developed OS scenariosin JET.

. These data, together with data achieved at high (3, are very encouraging for future
developments on JET and for the future of advanced scenarios.
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5.4 Shot Lists

Pulselist for 2.5T high beta plasmas

pulse number Pnbi+Picrh(MW) betan neutrons(10x16/sec)
45345 15.400 1.7900 1.4000
45363 16.800 1.9000 1.6000
45369 14.800 1.8800 1.5000
45585 15.900 1.8000 1.4000
45593 14.000 1.8400 1.4000
45847 15.000 1.7300 1.6000
45867 18.500 1.9600 1.4800
45870 19.500 1.6800 1.2000
45885 17.200 2.1600 1.6400
45886 16.600 2.0000 1.4000
45887 18.000 2.2800 1.8000
45888 17.300 2.2200 1.7800
45898 17.800 2.2800 1.8000
45926 15.500 1.9700 1.6000
46123 16.200 2.1600 1.9800
46124 16.900 1.9800 1.8000
46124 16.600 1.8900 1.8000
46695 18.800 2.5200 2.9000
46701 18.900 2.5500 2.7000
46703 20.000 2.3000 2.1600
46708 21.700 2.5100 2.7200
47007 18.900 2.3200 2.3500
47939 15.000 1.4500 0.80000
47942 15.000 1.3700 0.80000
48231 15.000 1.2800 0.43000
49404 17.100 1.9700 1.8000
49406 17.100 2.0100 1.7400
49408 17.100 1.8300 1.5500
49617 22.800 2.4400 2.5200
49620 23.700 2.3800 2.4500
49621 25.900 2.5500 2.7000
46125 16.800 2.0800 1.9000
46125 16.800 1.7600 1.5000
46290 16.300 1.8000 1.3000
46410 15.900 2.0900 1.7000
46415 16.500 1.9700 1.6000
46416 16.100 1.9000 1.2000
46437 16.200 1.9900 1.6000
46693 17.300 2.1800 1.9000
46694 17.500 2.2200 2.0000
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pulse number Pnbi+Picrh(MW) betan neutrons(10x16/sec)
47022 18.900 2.4200 3.0000
49613 16.700 1.6400 1.1800
49614 19.200 2.0000 2.0000
49615 20.700 2.3800 2.5000
49616 22.200 2.5700 2.8000
49618 22.900 2.5500 2.8000
49619 23.900 2.6300 2.9000
Pulselist for 3.4T high beta plasmas
pulse number Pnbi+Picrh(MW) betan neutrons(10x16/sec)
46374 27.500 1.5400 3.1000
46376 25.800 1.4400 2.5000
46381 26.800 1.6200 3.5000
46464 26.400 1.9200 4.3000
47210 24.800 1.6400 2.7000
47213 25.000 1.7600 3.0000
47214 24.200 1.6500 2.7000
47215 23.900 1.7100 2.7500
47219 24.800 1.7200 2.8000
47221 24.900 1.6300 2.8000
47351 25.200 1.6600 3.4000
47352 27.300 1.8900 3.9000
47357 27.300 1.8600 3.7000
47360 27.500 1.9300 4.2000
47401 25.000 1.4000 2.5000
47402 27.500 1.9000 3.8000
47403 25.200 1.7500 3.8000
47405 25.800 1.6800 3.3000
47410 25.800 1.7300 3.4000
47413 26.200 1.9200 4.1000
47414 27.000 1.9700 4.1000
47417 28.400 1.6800 3.0000
47418 28.200 1.6000 2.8000
47420 25.700 1.7200 3.5000
47424 25.500 1.8600 4.0000
47426 27.500 1.9900 4.2000
47450 24.500 1.6900 3.5000
47451 24.300 1.7100 4.0000
47457 22.000 1.4500 2.6000
47465 25.200 1.8000 3.3000
47411 21.200 1.2000 1.4000
46637 19.800 1.3700 2.5000
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6.1 Overview

Thestudy of internal transport barriersinthe high 3 domainisdirectly relevant to the assessment
of the potential reactor relevance of plasma scenarios with improved core confinement. High
valuesof Bp arerequired to generate a substantial neoclassical bootstrap current, whichisrequired
inthe currently envisaged steady state tokamak reactor concepts, and so the study of 1 TB dynamics
in this regime is of great importance. In this work the JET Optimised Shear domain has been
extended to high values of 3 (up to 1.6) in an attempt to observe the effect on confinement and
stability. The bootstrap current has been estimated to provide about one third of the total plasma
current in roughly steady conditionsat Bp= 1.4 with the neutral beam driven current contributing
a further quarter. The fraction of the plasma current provided non-inductively was therefore
about 0.6, which islower than expected dueto the large fast ion component contained within the
total plasmastored energy. Neverthel ess, the non-inductive current profile hasasimilar shapeto
that of thetotal current, whichisencouraging for the prospects of good bootstrap current alignment
for the combination of abroad ITB and a monotonic g-profile. The confinement improvement
over L-mode (H factor) and overall stability () are not yet of the standard required for atruly
‘Advanced’ tokamak regime and there are signsthat the achievable 3 in reactor relevant conditions
may be limited by stability rather than confinement in these experiments. The preliminary
Investigations reported here provide substantial scope for future devel opment and optimisation,
which should befocussed on the demonstration of the reactor compatibility of the JET Optimised
Shear regime.

6.2 Results
Background

A steady state tokamak reactor will require the plasma current to be provided non-inductively
using externally driven mechanisms such as the injection of radio frequency waves or neutral
beams as well as the plasma pressure driven neoclassical bootstrap current. The optimisation of
the bootstrap current is beneficia asit can minimise the requirement on external drive systems
that contribute to the recirculating power of the reactor as a whole. This optimisation has two
main considerations: thetotal bootstrap current must represent asubstantial fraction of the plasma
current required by areactor; but the bootstrap current profile must, at the same time, be well
matched to the overall current profile so that no additional counter current drive is necessary to
maintain the desired profile shape. These consi derations can be used in the assessment of candidate
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plasma regimes being devel oped for steady state application, in addition to the requirements on
confinement and stability, which affect the economic feasibility of such areactor device.

The provision of a large fraction of the plasma current using the bootstrap mechanism
required the achievement of high 3y since the bootstrap current fractionif roughly given by [6.1]
as.

Ibootstrap ~ A EB
= = AVeBp

| plasma

where € isthe inverse aspect ratio and A istypically about two thirds and depends mainly on the
plasmaprofiles. For JET and I TER-FEAT the aspect ratio is of order 3 and so 75% of the plasma
current can be provided by the bootstrap current at 3p = 2. Thisleadsto asimultaneous requirement
on plasma stability through By for the same plasma aspect ratio as follows:

BN:C_BP

Qos

where C depends mainly on the plasma shape and istypically 9-10 for the cases being discussed
here. The fusion yield of atokamak is maximised at low qgs for a given toroidal magnetic field
strength and By. Thisleadsto the requirement for a compromise between the highest achievable
Bn and the largest acceptable ggs. Additionally, the operation at intermediate gqs, and plasma
current, which may result from such a compromise, provides a further requirement on plasma
confinement in the form of alarge H factor. High values of these three parameters: 3p; By and H
factor, must be achieved simultaneously together with good bootstrap current alignment for a
regime to be directly applicable to a steady state tokamak reactor.

The experiments described in this section were designed to investigate the potential for
the JET Optimised Shear regime to meet these objectives. A single day of operation, with 12
good plasma pulses, was devoted to this study and so the results only represent a superficial
assessment, and the process of optimising the scenario is very far from complete. However,
theseinitial experiments give someindication of the progressthat has been made towards a self-
consistent reactor regime and also highlights the areas where further progressis required.

Method
In order to achieve high 3p with the heating power available on JET it is necessary to operate at
modest plasma current. This results from the dependence:

Bp OIp
at a given heating power level and assuming the plasma confinement is proportiona to the
plasma current. To provide the compromise between the low ggs and high By requirements

described above, the plasma current and toroidal magnetic field were chosen to be 1.5MA and
2.6T respectively giving ges = 6 and By = 1.6[3p.
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Two operational difficulties arise from 20
the attempt to accessthe JET Optimised Shear
regime at these plasma parameters. The first
concerns the requirement that the X-point
configuration in the proximity of the divertor
septum be maintai ned agai nst the natural shape
change of the plasma at high Bp. This was
achieved by careful tuning of thefeed-forward
waveforms for the divertor coil currents. The
X-point and divertor configuration was
maintained close to the conditions typical of 200 T ‘
other Optimised Shear experiments (see 1.0 2.0 R3-(0m) 40 5.0
Fig.6.1) and grossinteraction with the divertor Fig.6.1: Comparison of the flux surface equilibrium at
septum was avoided at values of Bppa UP t0  5.5sfor a standard Optimised Shear plasma (#49783 —
1.6. However, further development of the olidlines)with3,=0.75andahigh S plasma (#49794

) . ) . . - broken lines) with 3, = 1.6.
configuration to avoid the septum interaction
altogether was not attempted and the possibility that this playsarolein the performancelimitations
of these experiments cannot be discounted. Further discussion on thispoint isprovided in section
5 on the high By studies.

The second difficulty concerns the H-mode behaviour and, in particular, the interaction of
ELMs with the Internal Transport Barriers (ITBs), which are produced in the optimised Shear
regime. It has been observed on JET that large type | ELMs can destroy ITBs by eroding the
high confinement region. The power levels required for the production of an ITB istypicaly
several times larger than the H-mode power threshold and, consequently, well into the region
where type | ELMs are seen in conventional ELMy H-mode plasmas. These large ELMs are
avoided in transient Optimised Shear experiments by the use of a positive current ramp, which
acts to increase the H-mode power threshold. The use of low plasma current in these high 3p
studies results in the main heating pul se being applied during the current flat-top phase. Earlier
heating in the current ramp phase would precede the arrival of the g=2 magnetic surfacein the
plasmawhich isthought to be beneficial for ITB formation in the plasma core. For pulseswhere
the main heating pulse persists into the current flat-top an argon seeding technique has been
developed to prevent the emergence of large EL Ms. Figure 6.2 showsthe comparison of astandard
Optimised Shear pulse with a continuous current ramp and argon seeding, wheretypelll ELMs
are maintained and an ITB produced, and two high 3 pulses with current flat-top heating and
similar argon seeding rates. The performance of the current flat-top pulses is much poorer than
the conventional scenario despite the similar conditions at the start of the main heating pulse.
Thetarget g-profileisamost unaltered in the plasmainterior by the changein current waveform
as the main heating pulse starts soon after the point where the current waveforms diverge and
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Fig.6.2: Time evolution of similar Optimised Shear
pulses with (#49783 — solid lines) and without (#49788
— dotted lines and #49785 — dashed lines) current ramp
during main heating. During the current flat-top large
ELMs are generated, despite the argon seeding, which
inhibit the formation of a strong I TB as evidenced by the
neutron yield.

‘freezes the core current profile. The difference
in performance is attributed to the large ELMs
in the current flat-top case which inhibits the
formation of astrong ITB.

An alternative current waveform was
developed to avoid the occurrence of large
ELMs during the main heating phase by
delaying the final current ramp as shown in
Fig.6.3. Thistechniquewas partialy successful
in the suppression of the large ELMSs, but the
current ramp waveform had necessarily
diverged from the conventional case much
earlier allowing a different evolution of q in
the plasma core. In the delayed current ramp
case shown in Fig.6.3 a large n=1 island
appeared during the main heating phase, which
is believed to inhibit the formation of ITBs
[6.2]. No further optimisation of this regime
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type Il ELMs are observed.



was attempted, but modification of the target g-profile would be required (e.g. by varying the
timing of the main heating pulse) to avoid the growth of the island in the plasma core.

Despite these difficulties ITBs were produced during the current flat-top heating pulse.
Figure 6.4 showsacasewherelargetypel ELMsareinitially produced, but then aback transition
to type Il ELMs is observed at which time a clear ITB emerges. This ELM behaviour is
reminiscent of observations reported in the conventional ELMy H-mode regime without the
presence of current ramps, argon seeding or 1TBs [6.3]. These spontaneous phases of type Il
ELMs were sufficiently common as to alow a study of ITBs in the high B conditions, but
further development would be required to provide the quiescent conditions desirable for amore
thorough investigation of this domain.

ITBsin high S plasmas

It should firstly be noted that ITBs were 7.0F
achieved in plasmas with high 3. An example
of the evolution of an ITB under these
conditions is illustrated by the electron
temperature profiles shown in Fig.6.5. In this
case the Bppia Was about 1.3 during the ITB
phase. Whilst thisisby no meansthefirst such
observation in atokamak experiment (see[6.4]
for example), there has been some interest in
the role of Bp and the Shafranov shift in the 10~

Te (keV)

~J JG00.100/5¢

mechanisms responsible for ITB production. 0 ‘ ‘ ‘ ‘ ‘

. . 3.2 3.3 3.4 35 3.6 3
Experiments such asthese may provide auseful R (m)
contribution to such investigations. Fig.6.5: Electron temperature profiles, measured using

Figure 6.6 showsthe peak valuesof Bppa a heterodyne radiometer, illustrating the evol ution of the
. ) ITB during the type |1l ELM phaseindicated in Fig.6.4
and Bnpia that were achieved in these 5,57 for #9788,
experimentsasafunction of additional heating
power. Thereis no sign of a saturation of performance with heating power up to the maximum
level used of 20MW. It can be seen that the highest 3 value achieved of 1.6 correspondsto a3y
of 2.6. Figure 6.7 compares the peak Bypia With the value after 1.5s of main heating. This
illustrates the difficulty in maintaining the highest values of By in steady conditions and that a
roll-over in performance is encountered in the region of By pia = 2.5. This observation suggests
that the experiments performed may have approached a (3-limit at the highest applied power
level and this may, in practice, limit the achievable value of [3p.
Figure 6.8 showsthetime evolution of apulse during which such aroll-over in performance
isobserved. It can be seen that the neutron yield peaks at 5s and then falls back to asteady value,
which is maintained until the power step-down nearly 2s later. The ITB, seen from the strong
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Fig.6.7: Comparison of the peak value of By pa, plotted
against heating power, with the value 1.5s after the start
of the main heating pulse suggesting a possible

performance saturation at By pa = 2.5.

gradients in the temperature profiles, isnot lost at the roll-over and, although it is disturbed by
the ELM free phase and subsequent large ELM at 5.8-6.0s, it persiststhroughout the main heating
phase. It should be noted that the value of theion temperature shown in Fig.6.8 has been calculated
from charge-exchange recombination spectroscopy using a multi-component Gaussian fit
technique which isknown to overestimate the temperature in the presence of argon inthe plasma
(see section 13). The cause of thisroll-over in plasma performance has not been identified. n=2
mhd activity is sometimes observed during the high By phase of these discharges, but no causal
link with the roll-over has been established. In some cases changesin the ELM activity appears
to coincide with this event and interaction between the plasma and the divertor septum might
play arolein altering the edge plasma conditions at these high values of p. The confinement
enhancement factor with respect to the ITER89L-P scaling [6.5] is shown in Fig.6.9 for the
pulseillustrated in Fig.6.8, together with the time evolution of 3 and By. At the roll-over point
Hgo reaches 2.5 and Hggf3n pia peaks at about 6. However, during the steady phase with type I11
ELMs (6.0-6.8s) Hgg settles to avalue just above 2 with Hggf3y pia = 5.

Higher values of both of these parameters would be required for an economic reactor
scenario. A technique, which has been found to be effective for increasing the achievable By in
the JET Optimised Shear experiments, isthe use of awider ITB. Thisprovidesabroader pressure
profile, which is stable at ahigher value of plasma stored energy [6.6]. High Bp plasmasin these
experimentswith peaked pressure profiles, such asthe pulse shown in Fig.6.4, encounter an n=1
mhd mode, and consequent collapse in the pressure gradient localised in the ITB region, which
is thought to be pressure driven. This observation is consistent with the common occurrence of
pressure driven n=1 global kink mode disruptionsin conventional high performance Optimised
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Fig.6.9: Time evolution of the plasma confinement
enhancement factor (Hgg) and Bypia for the pulse
illustrated in Fig.6.8 (#49793).

Shear pulses with narrow 1TBs. The soft roll-over encountered at By pia = 2.5 in these high Bp
experiments is observed in cases where broader pressure profiles are produced. However, the
production of ITBsat much wider radius has been achieved in other Optimised Shear experiments
at JET and no attempt has yet been made to optimise the high 3 regime in this regard.

Non-inductive current drive

The non-inductive contribution to the plasma
current in these high Bp pulses has been
estimated using the TRANSP transport
simulation code [6.7]. Figure 6.10 shows the
calculated beam driven and neoclassical
bootstrap current for the pulseshowninFig.6.8.
The bootstrap current is cal culated to be about
35% of the plasma current while the beam
driven mechanism calculation gives a further
25%. This estimation yields a total non-
inductive component in the region of 60% of
thetotal plasma current. The bootstrap current
is only calculated for the thermal component
of the plasma pressure since the contribution

16 e Plasma current
/-\_// S~ S~a o \\/—__//\ . /,\
1.4+ /// -
127 ///
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g - N [V
=3 / ‘ A /o Vv \
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Fig.6.10: Beam driven and neoclassical bootstrap
current calculated using TRANSP for a high 3, plasma
(#49793) indicating that 60% of the plasma current was
provided non-inductively.
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of the fast ion pressure is not thought to be large. The fast particle population is calculated to
contribute about one third of the total plasma stored energy during the high performance phase
of thisdischarge. Thisexplainstherather low value of the bootstrap current cal culated compared
with the evaluation of the simple bootstrap current fraction expression above using pp)a-

The TRANSP simulation shown in Fig.6.10 was made using theion temperature produced
using the multi-component Gaussian fit technique and, consi stent with the overestimation expected
by thismethod, the s mulated neutron yield and plasmastored energy are higher than the equivalent
measured values. To estimate the effect of the uncertainty in the ion temperature measurement
on the current drive cal culation asecond TRANSPsimulation was made using anion temperature
profile which had been artificially scaled by afactor 0.75 in the plasmainterior during the main
heating phase. In this case the calculated
neutron yield and plasma stored energy were 10
brought into much better agreement with the
measure values. The comparison of the
calculated non-inductive currentsin these two
simulationsisshowninFig.6.11. It can be seen
that the bootstrap current isreduced sightly in
the case where the ion temperature has been
reduced, but the reductionislessthan 10% and
iswithin the other uncertainties concerned with
the bootstrap current calculation. The overall
non-inductive current is close to 60% of the
plasma current in both simulations, which
demonstrates that the calculation of this Fig.6.11: Comparison of non-inductive currents

quantity is relatively insensitive to the calculated by TRANSP for #49793 using the standard
uncertainty in the ion temperature ion temperature profile analysis (a) and an artificially

reduced ion temperature (b) showing the relative
measurement. Other simulated quantities, such  jnsensitivity of the total non-inductive current drive to

as the plasma surface voltage, are reasonably uncertainties in the ion temper ature measurement.
well matched and indicate that the simulation
isacredible one.

Typical current profiles from the TRANSP simulation are shown in Fig.6.12. The total
non-inductive current profileissimilar in shapeto thetotal current profile. Toillustrate the good
alignment the calculated non-inductive current profile has also been artificially scaled up in
magnitudeto represent a‘fully non-inductive’ plasmawith the same non-inductive current profile
shape. This case of good non-inductive current alignment with the overall current profileisone
of the requirements discussed above for a practical steady state reactor scenario. It should be
noted that the electron temperature and density profilesin thissimulation have been provided by
the LIDAR Thomson scattering system and have a spatial resolution of about 12cm. This

Non-inductive
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Current (MA)
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effectively smoothes the pressure profiles and consequently broadens the calculated bootstrap
current profile slightly. Nevertheless, the relatively good alignment shown in the simulation
illustratesthe compatibility of relatively broad I TBs, such as can be producedin the JET Optimised
Shear regime, with the overall current profile. The g-profile in this case is monotonic, which
gives good bootstrap current alignment more naturally than scenarios that rely on a region of
negative magnetic shear for the production of an ITB. The g-profile determined using EFIT
magnetic equilibrium reconstruction [6.8, 6.9] constrained by datafrom the motional Stark effect
(MSE) diagnostic (see section 14) was used to initialise this TRANSP simul ation at the start of
themain heating pulse. Theinitial g-profile and the simulated evolution during thefirst 2 seconds
of main heating (4.4-6.4s) are illustrated in Fig.6.13.
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Fig.6.12: Current profilesfor ahigh B plasma (#49793  Fig.6.13: Comparison of g-profile for a high 3 plasma
at 6.4s) calculated by TRANSP showing relativelygood ~ (#49793) determined from EFIT equilibrium
alignment between the non-inductive current and the  reconstruction constrained using MSE diagnostic data
total plasma current. The non-inductive current profile  (at 4.4s) and the evolution during the next 2 seconds
has also been scaled up artificially to represent a‘fully ~ simulated using TRANSP.

non-inductive’ plasma with the same non-inductive

current profile shape.

6.3 Summary and futuredirections

The extension of tokamak regimes capable of producing improved internal confinement to the
domain of interest for currently envisaged * Advanced’ reactors (high s, By and H) isanecessary
part of the process of validation for potential steady state reactor concepts. Theseinitial attempts
to perform this exercise for the JET Optimised Shear scenario have been very useful providing
encouragement for the prospects of good non-inductive current profile alignment for broad ITBs
produced with monotonic g-profiles. The overall performanceintermsof thethree key parameters
listed aboveisnot yet adequatefor atruly ‘ Advanced’ scenario. Nevertheless, the resultsreported
here were achieved in very few plasma pulses and much further development and optimisation
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may be possible. In particular, broader ITBs than those produced in these experiments have
already been demonstrated in other JET Optimised Shear experiments [6.10] and could be
exploited in this domain with the aim of increasing the achievable 3y and hence 3p. It should be
noted, however, that the interaction of the plasma with the divertor septum is more difficult to
avoid at high 3 and represents an important issue for the future devel opment of this scenarioin
the present JET configuration. The prospects for increased plasma density should also be
investigated to reduce the fraction of the plasma stored energy contributed by the fast particle
population. 1t would also be desirable to further extend the high 3, Optimised Shear domain to
a wider variety of g-profiles, including those with reversed central magnetic shear. In the
experiments described in this report steady conditions were not achieved and, in particular, the
production of large ELMs, which can be destructive to the ITB, was not entirely avoided. The
interplay between the plasma edge and the transport in the plasmainterior will be an important
consideration in the development of stationary tokamak scenarios and the establishment of steady
edge plasma conditions must remain a high priority in the further development of this regime.

6.4 Shot List

The overall pulse range for this investigation was #49781 to #49802. All experiments were
performed at 2.6T and employed argon seeding. The pulses of particular interest during this
study are listed below:

flat-top max. max.

Comment
Ip (MA) P (MW) Bp.DIA

shot no.

Test of conventional current ramp scenario with
49782 2.5 17 0.65 plasma centroid position control for reference
(cf. #49613). Very little sign of an ITB.

Heating start time advanced by 200ms. Good

49783 2.5 7 0.8 ITB, but some suggestion of septum contact?

49784 15 17 135 Septum av0|.dance tuning with reduced plasma
current for high Bp.

49785 15 17 1.45 Further s.,eptum. avoidance tuning. Disruption
after main heating pulse.
Further septum avoidance tuning. Disruption

48786 15 17 1.3 after main heating pulse (followed by a recovery
pulse).

49788 15 17 1.4 Further septum avoidance tuning.

Main heating pulse advanced by 200ms.
49789 15 17 1.45 Disruption after main heating pulse (followed by
a recovery pulse).

Higher heating power and longer heating phase.
49791 15 19 1.6 Disruption at the end of main heating pulse
(followed by a recovery pulse).

Further tuning of X-point configuration.

49793 1.5 20 1.6 Disruption after main heating pulse.




shot no flat-top max. max. Comment
" Ip(MA) P (MW) Bpr.DiA

Further tuning of X-point configuration.

49794 15 20 1.6 Disruption during main heating pulse (followed
by a recovery pulse).

49796 15 16 13 Reduced heating power. Disruption in current
ramp down phase.
Modified current waveform with 1MA flat-top

49797 1.0/1.7 9 1.1 followed by second ramp phase. NBI tripped on
low density interlock.
Main heating delayed by 200ms with shorter NBI

49798 1.0/1.7 17 1.35 preheat. Large n=1 mode observed during main
heating. Disruption during main heating pulse.
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7.NEON IMPURITY TRANSPORT EXPERIMENTS

K-D Zastrow®, C Giroud?

JET Joint Undertaking, Abingdon, Oxon, OX14 3EA, UK
! UKAEA Fusion, Culham Science Centre, Abingdon, OX 14 3DB, UK
> CEA Cadarache, DRFC/SIPP/CFM),F-13108 Saint Paul lez Durance Cedex, France

7.1 Overview

During the 1999 autumn campaign, we attempted Neon impurity transport experimentsin ITB
discharges. We chose the standard JET recipe with Argon radiation for edge control, since this
provides the most steady background plasma conditionsfor these experiments. However, dueto
the difficulty of analysing the charge-exchange data (see section 13), we have been unable to
progress with any transport analysis.

Ne*® (n = 11-10) Cc®(n=87) Ne™ (n = 11-10) C*®(n=87)
ct  Be" A c’ A (n = 16-15) c? Be"Ar® c*
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Fig.7.1: Chargeexchange spectrafromKSbAwithArgon  Fig.7.2: Charge exchange spectra fromKS5B with Argon
edge emission superimposed on the Carbon and Neon  edge emission superimposed on the Carbon, Neon and
features. The Gaussianline shapesareanindicationonly ~ Argon features. The Gaussian line shapes are an
of where the CX signal appears, and are not the result  indication only of wherethe CX signal appears, and are
of the spectral analysis. not the result of the spectral analysis.

7.2 Results

Theonly analysis that could be performed isfor discharge 49421, which had three NBI notches
applied. The results are included in Section 13.

7.3 Summary and futuredirections

We are developing new analysis software to describe the CX spectrawith Argon edge emission.
Itispossiblethat thiswill enable usto analyse these experiments. Impurity transport experiments
under TF-S2 are proposed without Argon for edge control.
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7.4 Shot List
Neon puff: 49418/2.5MA/2.6T and 49437/3.5MA/3.5T
Neon bleed before ITB, 49421/2.5MA, 2.6T and 49436/3.5MA, 3.5T
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8. I TBSPRODUCED WITH LHCD PREHEATING
C D Challis', JMailloux", Yu F Baranov', N C Hawkes', T C Hender" and S E Sharapov™.

JET Joint Undertaking, Abingdon, Oxon., OX14 3EA, UK.
' EURATOM/UKAEA Fusion Association, Culham Science Centre, Abingdon, Oxon.,
0OX14 3DB, UK.

8.1 Overview

The Optimised Shear regimein JET relieson relatively fast current ramp-up phase (of the order
of 0.5MA/s) immediately following the plasma initiation. During this phase only Ohmic, and
sometimes low power ICRH (up to 2MW), is applied, which maintains arelatively low plasma
temperature. This typically provides a monotonic target g-profile for main heating with low
magnetic shear in the plasma core whilst still allowing the central value of g to fall below 2
during the current ramp-up phase. The presence of ag=2 surfacein the plasmainterior has been
found to assist in the formation of high performance ITBsin the JET scenario [2.1] while the
continuation of the current ramp during the main heating phase avoids the devel opment of large
ELMsthat are generally incompatible with ITB sustainment.

In the experiments described in this section LHCD has al so been applied during the current
ramp-up phase, before the main heating pulse, in order to modify thetarget g-profile. Thisscenario
results in the formation of atarget g-profile with lower or reversed central magnetic shear. The
application of high power heating in these conditions generates a core I TB that is evidenced by
steep gradientson theradial profilesof T;, T, and n,. In contrast to the standard Optimised Shear
scenario, thisITB does not appear to be linked to an integer q surface and does not significantly
vary in location during the pulse or when the main heating start timeis altered. A link between
the location of the ITB and the g-profile has not been established beyond the suggestion that it
resides within the reversed shear region. The resilience of the position of the ITB might also be
related to the heating and torque deposition profiles. Both I TBs can be produced simultaneously
following and LHCD prelude phase.

In low power experiments with an LHCD prelude the power required to form an ITB can
be much lower than the threshold normally encountered with the standard Optimised Shear
scenario. Further experiments are required to identify the critical conditions that determine this
threshold power.

8.2 Results
Background

A typical example of the time evolution of a JET Optimised Shear experiment isillustrated in
Fig.8.1. The X-point is formed soon after the plasma initiation and a large volume plasma is
maintained throughout the current ramp-up phase. For the case shown in Fig.8.1 very little
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additional preheating was used (=0.5MW of
ICRH from 2.5s) and the main heating was
increased to full power over 300ms during
which time the plasma density was increased
by the NBI fuelling to asuitable level for high
power heating. After a short period of main
heating atransport barrier formed in the plasma
interior as indicated by an increase in the rise
rate of the plasma neutron yield. This basic
scenario with afast current ramp-up phase and
early application of additional heatingissimilar
to the method used on other tokamaks (e.g. [8.2-
8.4]).

An experiment to investigate the effect
of thetarget g-profile by systematically varying
the start time of the main heating pulse has
previousreported confirmation of theimportant

Pulse No 47620 B =2.6T

2 X-point

formation

|

1, (MA)

P (MW)
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Fig.8.1: Time evolution of the plasma current, heating

power and neutron yield for a standard Optimised Shear

pulse.

role played by integer q surfaces in the ITB formation process in the JET Optimised Shear
regime [8.1]. Recent re-analysis of the target g-profiles for this series of pulses using the
equilibrium reconstruction code EFIT [8.5, 8.6] constrained by data from motional Stark effect
(MSE) measurements has now confirmed those initial findings.

Figure 8.2 shows the central q value at tey, the start of the main heating phase, for the
series of pulses, which are similar to the one illustrated in Fig.8.1, but where tye; has been
systematically varied. 0.5MW of ICRH was applied from the same time in the preheat phase of
all these pulses asindicated in Fig.8.1. Thefall of central g with time in these pulses illustrates
the rapid plasma current penetration in a relatively cold plasma during the current ramp-up

phase and early part of the current flat-top.

Figure 8.3 shows the peak neutron yield obtained during the main heating phase for each
of the pulses shown in Fig.8.2 plotted against the value of qq at the start of the main heating
phase. Three pulsesareindicated which exhibit an n=1 tearing mode in the plasma core suggesting
ag=2 ‘isand’ and electron temperature sawteeth are only evident on the pulse with the latest
heating time. These indications provided benchmarks for the analysis process to determine the
g-profile. It should be noticed that the highest performance was achieved when the main heating
start timefollows promptly thearrival of the g=2 magnetic surfacein the plasma. Thisobservation
has been used to suggest that the g=2 surface can play arolein triggering an ITB in the JET

Optimised Shear regime [8.1].
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Figure 8.4 showsthetarget g-profilefor two different values of the main heating start time
from the same series of pulses. It can be seen that in both casesthe central magnetic shear islow,
but that the g-profiles are monotonic. The early heating case has central q just below 2 at the
start of themain heating pulse. A * strong’ I TB isformed in the core as evidenced by the production

of asteep gradient in the profile of the electron
temperature. This ITB expands rapidly and
providesthehigh fusionyield indicated for this
situation in Fig.8.3. In the case with the later
heating the current penetration is more
advanced and the central value of q is lower,
althoughtheradia profile of the magnetic shear
has not been significantly altered. Thisresults
in awider g=2 surface and coincident wider
ITB trigger point. The pressure gradients
obtained with awider I TB tend to belower than
the casewherethetrigger point ison the plasma
core. |deally the g-profile should be studied at
the moment of the ITB formation, but the
analysisof the M SE dataismost reliable at the
beginning of the neutral beam heating pulse
when the measurements are not confused by
overlapping signals from different beams. In

Pulse 47653
theat =3.4s

Pulse 47615
theat =3.9s

T, (keV)

<
©
©
[iN]
0
>
(@]
£
%]
2
o Q
D ]
> g
& g
F 154 \ \ L1l | | |18
3.1 3.3 35 3.73.1 3.3 35 3.7
R (m) R (m)

Fig.8.4: Target g-profile (at te,) and time evolution of
the electron temperature profile during the main heating
pulse, as measured from ECE emission using a
heterodyneradiometer, for two values of themain heating
start time.
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any event it isbelieved that the g-profile does evolve significantly during the short time between
the start of the main heating pulse and the ITB formation due to the high plasma temperature.

The link between the location of the g=2, and possibly g=3, magnetic surfaces and the
formation of ITBsin JET might be explained by a perturbation in the plasma profiles due to
MHD activity associated with the rational g surface. This possibility is discussed in section 9.
The experiments described below were devised to investigate further the relationship between
the g-profile and the transport in the plasma interior by varying the magnetic shear.

LHCD prelude on g-profile evolution

The most effective use of LHCD to modify the
g-profile in JET Optimised Shear plasmas is
during the current ramp-up phase. During the
main heating pulse the plasma temperature is
sufficiently high that the time required to

0.85

o
Smme

0.75

substantially modify the current distributionin ce "
° |
the plasma core is long compared with the e F ",
typical high power pulse length. During the £ °° o
" [ ]

ramp-up phase, on the other hand, the plasma

Plasma internal inductance after 2s

[ )
g
is much cooler so that the effect of both the 0651
. . . = 0.48<dl/dt<0.52 (MA/s) 8
non-inductive current drive and plasmael ectron  0.52<cl/dt<0.56 (MA/S)
heating act to significantly modify the g-profile 0-60; 05 0 s 50

evolution. This effect isillustrated in Fig.8.5, Mean Py, in first 2s (MW)
which show the plasmainterna inductance two Fig.8.5: Plasma internal inductance 2 seconds after
e . plasma initiation plotted against average LHCD power

seconds after plasmainitiation for pulseswith level up until the same time. The data are divided into 2
various levels of applied LHCD power. The groups depending on the plasma current ramp rate.
effect of applying LHCD power at this early
time in the dischargeisto significantly broaden the current profile asindicated by the reduction
intheinternal inductance. It should be noted that the current profile can also be affected to some
extent by varying the current ramp rate. A detailed comparison of the classes of g-profile that
can be obtained by the two different techniques has not been undertaken. It islikely that the two
processes give different results as the LHCD drives current and provides heating to the plasma
interior while the Ohmic current ramp adds current at the plasma edge. Further experiments are
also required to assess the rel ative importance of the plasma heating with LHCD, which tendsto
‘freeze’ the plasma current in the plasma interior, and the non-inductive current drive itself. In
this report the net result of applying LHCD during the current ramp-up phase will be discussed
together with the effects on the ITB dynamics.

A practical limitation on the current ramp-up rate and, possibly, thelevel of LHCD power
that can be applied during this phase, isgiven by MHD instabilities encountered as g close to the
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plasmaedge crosses|ow order rational values. Figure 8.6 showsthetime evolution of adischarge
with LHCD preheat that encounters an MHD instability as Qeqqe Crosses 6. The plasmainternal
inductance changes abruptly due to the instability indicating that anomal ous current penetration
has occurred. Sincethese experimentswere specifically intended to provide abroad target current
profile for main heating, this anomalous transport of the plasma current is highly undesirable
and the discharges were carefully tuned to avoid it.

It has been found that reducing the plasma triangularity has the effect of reducing the
likelihood of such an instability being encountered as illustrated in Fig.8.7, which show the
incidence of significant MHD associated with gey,=6 in plasmas with different plasma current
ramp rates, LHCD power levels and values of triangularity. It can be seen that for low shape
plasmasthereisathreshold in the plasma current ramp rate for the onset of thismode. However,
thereis no sign yet that increasing the LHCD power level causes this mode to be destabilised,
despite the fact that the current profile isfurther broadened by thistechnique. This suggests that
the application of LHCD isamuch more effectivetool for target g-profile control, and potentially
for generating reversed magnetic shear plasmas, than simply varying the current ramp rate. With
dlightly higher triangularity plasmas the MHD mode is encountered with alower current ramp
rate, indicating afurther meansfor optimisation of this scenario for producing very broad target
current profiles.
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Fig.8.6: Time evolution of a discharge with LHCD  Fig.8.7: Average plasma current ramp rateinthe period

preheat showing the plasma current, g near theplasma  upto 1.6MA, closeto geqqe= 6, plotted against the average

edge, LHCD power, |; and level of n=1 MHD activity. LHCD power applied during the first 3 seconds of the
discharge. Circles represent low triangularity pulses
(6=0.18-0.21) and trianglesindicate higher triangularity
plasmas (5=0.21-0.25). Solid symbols indicate cases
where MHD activity is encountered at Qegge=6.
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The effect of the LHCD prelude phase
on the target g-profile for main heating is
illustrated in Fig.8.8, which shows a
comparison of the g-profiles, one with an
Ohmic current ramp-up phase and the other
with an average of 2.1MW of LHCD applied
from the plasmainitiationto thefirst application
of NBI and ICRH power. The current ramp rate
is dlightly lower in the Ohmic ramp case, but
the effect of this is small compared with the
differencein LHCD power. The Ohmic prelude
case producesarel atively peaked target current
profilefor main heating. The current ramp rate
isslower than the casesshowninFig.8.4. This,
together with the absence of any ICRH preheat
explains the relative increase in the magnetic
shear seen in the Fig.8.8 example. The LHCD
prelude dramatically broadens the target g-
profile and is able to generate the magnetic
shear reversal illustrated in the same figure.

TAE modes are typically seen in the
ICRH preheat phase of JET Optimised Shear
plasmas. In Fig.8.9 spectrograms of the MHD
activity detected using fast magnetic sensors
arecompared for caseswith and without LHCD
power. The TAE modes are clearly seen in the
no LHCD case as continuous modes in the
frequency range around 120kHz. In the
examplewith LHCD the classical signature of
the TAE modesisabsent, but instead cascading
MHD modes are observed throughout the
LHCD phase and this difference in behaviour
persists long after the end of the LHCD pulse.
TAE modesareknown to be sensitiveto plasma
density and the g-profile. Since the density
evolution of thesetwo dischargesissimilar, the
dramatic differences between the TAE mode
character is thought to originate from the

4.0 -

— Pulse No. 49644
......... Pulse No. 49651

w
o

Target q (using MSE data)
N
o

JG00.159/5¢

1.0p . I . I . I . I
3.8

Fig.8.8: Target g-profiles for main heating for a case
with an Ohmic current ramp-up phase (#49644 — solid
line) and with an LHCD prelude (#49651 —broken line).
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modification of the g-profile during the LHCD phase. MHD similar to the LHCD case has been
seen on other tokamak experiments with reversed magnetic shear [8.7]. The persistence of the
change in the TAE behaviour aso indicates that the legacy of the target g-profile modification
remains throughout the main heating pulse and that differences in the ITB behaviour can be
attributed to the changesin the target g-profile.

Sawtooth-like MHD events are sometimes seen during the LHCD prelude, which seems
to be correlated with the level of LHCD power applied during the early phase of the current
ramp. Figure 8.10 shows the sawtooth-like activity in the core of a plasma during the LHCD
prelude as evidenced on the ECE data. In the presence of a substantial fast electron population
generated by the LHCD, the magnitude of the electron temperature determined from the
heterodyne radiometer measurements should be taken with some caution. However, the collapses
in the plasma interior can be clearly seen on this data and mainly affect a same region near the
plasmacentre. In two caseswhere | CRH was al so applied during the prel ude phase the sawtooth-
like events were absent. Thismay be due to amodification of the pressure or current profiles due
to the addition of ICRH, although the divergence in the behaviour of the two discharges chosen
toillustrate thisin Fig.8.10 seems to occur before the ICRH power is applied. Nevertheless, an
alternative explanation for the persistent absence of collapsesin the combined LHCD and ICRH
caseisthat the fast ion generated by the ICRH might stabilise this MHD mode. The possibility
existsthat these core collapses result in aredistribution of the plasma current which could act to
prevent the devel opment of aregion of deeply reversed magnetic shear. In fact an analysis, using
MSE data, of the g-profile generated in one of the combined LHCD and ICRH prelude phases
suggests that indeed deep shear reversal might have been achieved, although this conclusion is
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inconsistent with data from the polarimeter (see section 14). Further investigation and analysis
using the current profile diagnostics would be required for any firm conclusions to be drawn
concerning the effect of this MHD phenomenology on the target g-profile.

Figure 8.11 shows the number of such sawtooth-like events during the LHCD prelude
plotted against the average LHCD power coupled to the plasma during the first 1.5 seconds of
the discharge. There seems to be a threshold in the LHCD power level for the onset of this
instability, which might suggest a link to the g-profile modification affected by the application
of LHCD.

Effect of LHCD prelude on ITB dynamics

Even before the main heating pulse there is some indication of an enhancement to the core
confinement on the electron temperature profile. This effect can be seen the ECE datashownin
Fig.8.10for the LHCD only prelude where the signalson the core channel sbecome well separated
during the latter phase of the prehest. In contrast the combined LHCD and ICRH preheat case
exhibitsalower core el ectron temperature despite the higher heating power level. A morethorough
assessment of the heating, equipartition and loss channel s must be performed before aconclusion
that an electron transport barrier has been formed can be established.

A clearer conclusion can, however, be o ——
reached concerning the effect of applying high e fhont = 4.35
power heating to such discharges. Figure 8.12 6F .. ¥
showsthetarget g-profilewith weakly reversed
magnetic shear produced by an LHCD prelude
phase together with the time evolution of the
electron temperature profile during the o
subsequent high power heating phase, which

T, (keV)

)
exhibits the formation of an ITB at a plasma S
radius of about 3.35m. Inthiscasetheg-profile %
shown, which has been determined using M SE g
. . . . T 20 -ttt g
data, is consistent with the polarimetry o 5
measurements. © 15k ‘ ‘ Bk
3.1 3.3 3.5 3.7
In contrast to the standard JET Optimised R (m)

Shear regime, asillustrated in Fig.8.4, thereis ~ Fig-8.12: Target g-profile (at tuey) after LHCD prelude
no obviouslink between thelocation of the I TB ;nggqf;?ﬁi;ingggruiggg lshig_u“on during the
and an integer g surface. However, in the case

shown in Fig.8.12 the possibility that asecond g=3 surface might exist in the plasmacore cannot
be ruled out due to the uncertainties in the determination of the value of central g. A coarse
timing scan has been performed to determine whether this core ITB depends on the location of
integer q surfacesfollowing the methodol ogy described above for the standard Optimised Shear
experimentsand illustrated in Figs.8.2 to 8.4. Although the higher electron temperature provided
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by the LHCD prelude may act to reduce the sensitivity of the value of central q to the start time
of the main heating, the penetration of the plasma current is not completely avoided and this,
together with the shot-to-shot irreproducibility of the plasma initiation, must result in some
variationin the g-profilein the plasmacore. Figure 8.13 showsthe ion and electron temperature
profilesfor three discharges where the start time of the main heating was varied by 1.2 seconds.
A corel TB located at about 3.35misevident onall the pulsesandisatypical feature of experiments
with an LHCD prelude. The insensitivity of the location of this1TB to the timing of the main
heating pulse and the irreproducibility of the plasma initiation conditions, and the absence of
any significant ITB expansion during the main heating phase, asillustrated by the comparison
of the ITB evolution in Fig.8.12 and 8.4, lead to the conclusion that integer q surfaces do not
play asignificant rolein itsformation or evolution. It isalso evident in Fig.3.13 that both types
of ITB can be generated simultaneously. The outer ITB islinked an integer q surface, either g=2
or g=3, and displays the usual sensitivity to main heating start time, while the location of the
inner ITB remains close to 3.35m.

The critical parameter, which determines the location of the core I TB following an LHCD
prelude, has not been identified. 1t islikely that the magnetic shear plays arole since thisisthe
key parameter that is altered by the LHCD phase, and the possibility that the radius of g, is
linked to the location of the ITB cannot be discounted within the uncertainties of the g-profile
determination. It should aso be borne in mind that the power and torque deposition profiles are
essentially invariant in these experiments and that these may provide an optimum location for
suppression of turbulence through the plasma flow shear which they generate.
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generated by a period of main heating following an  after (broken lines) the formation of an core ITB in a
LHCD prelude. The start time of the main heating pulse  case with an LHCD prelude.
has been varied for the three pulses.
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The core ITB produced after an LHCD
prelude is evident on the profiles of T, T; and
ne asillustrated Fig.8.14. This characteristicis
also typical of ITBs in the standard JET
Optimised Shear regime.

Core collapses are sometimes
encountered during the high power heating
phase of these discharges. Figure 8.15 shows
the time evolution of the el ectron temperatures
at variousradial locationsfrom the plasmacore
to the periphery in a plasma where such a
collapse occurred. The collapse is seen to be
localised in the plasma core and is not related
to the ELM activity as the plasma edge,
signified by the spikesin the Da emission. An
n=1 tearing mode is evident at the time of the
collapse. Cross correlation between the fast

Pulse No: 49377

Te (keV) plasma core

%

)]

o
w
8 3600119730

Time (s)

Fig.8.15: Time evolution of the plasma electron
temperature at various radii from the plasma core to
the periphery together with signal sindicating therelative
Da emission and level of n=1 MHD activity.

magnetics data and soft x-ray measurements signifies a phase inversion at the plasma centre
suggesting an odd-m mode number. Thisisthen thought to signify g=3 ‘islands’ in the plasmaat
aradiusof 3.23m, thelocation being inferred from fast ECE emission measurements. Therelative
phase of the ECE and magnetics signals suggests that the islands exist in a region of reversed

magnetic shear. Given that the main heating
start time is earlier in this case than the pulse
showninFig.8.12, and consequently the target
central q valueisexpected to bedlightly higher.
This is consistent with both the conclusions
drawn from the collapse characteristics
concerning the location of a g=3 surface and
with the g-profile measurements for both
pul ses.

So far only one attempt has been made
to examine the dynamics of thisI TB with high
power and long pulse heating. Figure 8.16
shows the very steep gradients that were
achieved in this case with 20MW of additional
heating (15MW of NBI and SMW of ICRH).
This plasma disrupted soon after the time at
which the profiles shown in Fig.8.16 were
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measured, presumably dueto an MHD instability driven by the very large and localised pressure
gradient. Although the generation of this very strong ITB was partly due to alack of control of
the ELMs during the current flat-top, it illustrates the need to investigate means by which the
ITB radius can be increased in this scenario if it is to be exploited for high performance
applications.

Preliminary experiments have been
performed to evaluate the power threshold for s 9
ITB formation in plasmas with an LHCD
prelude. At 7MW (5MW of NBI and 2MW of 151
ICRH), the lowest power level attempted, an
ITB was still formed. This is contrasted with
the usual power levelsrequired to form aclear
ITB in the standard JET Optimised Shear
regimein Fig.8.17. All of the standard scenario 5
pulses illustrated in Fig.8.17 are believed to
have monotonic g-profiles with ITBs formed
close to the g=2 magnetic surface. The reason 05 20 25 30 35
for the achievement of an ITB at lower power Toroidalmagnetic field (T)

P (MW)
()

v ITB after LHCD preheat

* Mark IIGB

= Mark IIA }Target q, close to 2
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Fig.8.17: Power level requiredtoformaclear ITBasa

following the LHCD prelude has not yet been
established, but this result indicates that
optimisation of the g-profile shape can strongly

function of toroidal magnetic field strength for the
standard JET Optimised Shear regime and the lowest
power case of an ITB following an LHCD prelude at

2.6T.
affect the heating power required to achieve

ITB formation.

8.3 Summary and futuredirections

This section describes the production of an internal transport barrier with characteristics that
differ from the standard JET Optimised Shear regime. The ITB, which is obtained during high
power heating following an LHCD prelude phase, islocated in the plasma core apparently within
aregion of reversed magnetic shear. The position of the ITB does not vary significantly during
the pulses or from shot-to-shot, and it therefore unlikely to be linked to the location of an integer
g surface. Thetransport barrier is, however, evident on T, T; and n,, asistypical of ITBsin JET.
Preliminary experiments suggest that the power threshold for ITB formation is lower in this
scenario than isusual for JET Optimised Shear experiments.
The full characterisation and exploitation of this new domain of operation for JET isan
immense task. Nevertheless, key areas for further experimental work include:
. The determination of the relative importance of the LH current drive and heating, perhaps
by comparison with equivalent on- and off-axis ICRH preheat experiments.
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. Aninvestigation of the link between the ITB dynamics and the g-profile, magnetic shear,
heating and applied torque profiles.

. The measurement of the power threshold for arange of target g-profile shapes..

. A study and further expansion of the range of g-profileswith which ITB can be produced
and the prospects for optimising the current profile for the production of wider ITBs.

. An assessment of the processes|eading to the enhancement of the core electron temperature
during the LHCD prelude phase.

. An exploitation of the apparent low power threshold after an LHCD prelude at high toroidal
magnetic field strength.

8.4 Shot List

Shot Comment

47896 |no LHCD reference

47897 |1.7MW LHCD

47898 |1.9MW LHCD

47899 |2.1MW LHCD

47952 |1.9MW LHCD

47955 |1.9MW LHCD, LH phasing changed

47956 |no LHCD reference

47958 |1.9MW LHCD + 10MW of NBI power

A series of LHCD preheat pulses where the current ramp rate and ramp
duration was reduced to avoid MHD.

There was some variation of theat, but large ELMs were encountered during
main heating in the current flat top.

49204-49209

49204 |Current ramp rate scan 1

49205 |Current ramp rate scan 1

49206 |Current ramp rate scan 1

49207 |Delayed main heating

49208 |ICRH preheat scan 1 (LHCD & ICRH preheat)

49209 |ICRH preheat scan 1 (ICRH preheat only)

LHCD preheat pulses with further tuning of the current ramp rate and
duration.

The start time of the LHCD was varied.

ITBs were achieved during the main heating pulse.

49374 |LHCD start time scan

49373-49384

49375 |LHCD start time scan

49376 |LHCD start time scan

49377 |Current ramp rate scan
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Shot Comment

49378 |Current ramp rate scan

49379 |Current ramp rate scan

49380 |Current ramp rate scan

49381 |ICRH preheat scan 2 (LHCD preheat only) - also current ramp rate scan

49382 |ICRH preheat scan 2 (LHCD & ICRH preheat)

49383 |Altered LHCD phasing (cf. 49381)

49384 |ICRH preheat scan 2 (ICRH preheat only)

Attempt to improve LHCD coupling by modifying the plasma shape.
No significant progress in ITB production.

49629 |lower LHCD power

49629-49643

49630 |Heating timing scan - effect of plasma shape on LHCD coupling

49633 |LHCD & ICRH preheat

49636 |effect of plasma shape on LHCD coupling

49637 |effect of plasma shape on LHCD coupling (also reduced current ramp rate)

49641 |effect of plasma shape and current ramp

49643 |effect of plasma shape and current ramp

49644 |effect of plasma shape and current ramp

49645 |effect of plasma shape and current ramp

49644-49651 |Main heating timing scan which includes one pulse from the previous shift.

49647 |Heating timing scan

49651 |Heating timing scan

49652 |no LHCD reference

Completion of the timing scan.
49679-49683 |Attempted a threshold power scan, but the minimum required power was not
reached.

49680 |Heating timing scan - also threshold power scan

49682 |Threshold power scan

49683 |Threshold power scan
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9. EFFECT OF MHD ON ITB TRIGGERING

E. Joffrin®, B. Alper?, C.D. Challis’, T.C. Hender?, D. Howell, G.T.A. Huysmans', K.D. Zastrow®
JET Joint Undertaking, Abingdon, Oxon, OX14 3EA, UK.

' Association Euratom-CEA, CEA Cadarache, F-13108, St. Paul lez Durance, France

? Euratom/UKAEA Fusion Association, Culham Science Centre, Abingdon, Oxon.

9.1 Overview

Studies of the underlying process to form internal transport barriers (ITB) have remained an
important part of the Optimised Shear experiments [9.1] on JET during 1999. Analyses have
shown links between integer q surfaces and ITBs[9.2]. A power timing scan experiment has
revealed that the g=2, and al so the =3, surfaces appear to play amajor role in the formation of
the barrier. In addition, the sensitivity to the integer g-surfaces seems to decrease as the input
power isincreased above the power threshold for ITB production. Signs of the role of magnetic
rational surfaces has also been observed on other devices, such as JT60-U [9.3] or TFTR[9.4].
This experimental evidence suggests that a trigger mechanism might be responsible for the
onset of ITBs.

This section presents a new candidate mechanism explaining the triggering of ITBsin
JET, whichis consistent with the experimental evidence on the power threshold and on therole
of integer g-surfaces. In particul ar, the coupling between edge magneto-hydro-dynamic (MHD)
activity and internal integer g-surfacesis analysed both experimentally and by acomputational
model. There is a good correlation between the occurrence of n=1 MHD related to integer
edge-q values and the formation of the ITB, suggesting the MHD is causal in forming the ITB.
Simulations show that for g-profiles with low central shear, and g=2 in this low shear region,
that edge current driven modes can couple toroidaly to drive m=2, n=1 islands. It can be
speculated that these g=2 islands locally affect the flow shear, thus triggering the ITB, but this
remains a subject for future study.

9.2 Results
Role of rational g surfacesin the ITB formation

The heating timing scan experiment [9.2] (2.6T with 10.5MW of neutral beam heating and
5MW of ion resonance heating) has revealed the link between integer g-surfaces and ITB
formation. In this experiment, the time of the main heating is scanned during the current rise
(0.4MA/s). High performance | TBsare only encountered when thetarget g, iscloseto 2 (Fig.9.1
and 9.2a). In this case, the foot of the barrier islocated at 3.35-3.4m (Fig.9.2b).

With later heating and therefore at lower target q,, weaker ITBs are formed at a wider
radius (typically 3.5m) consistent with the location of the g=2 surface. Also, early heating can
produce very wide I TBs (foot at R~3.65m) indicating apossible link with the g=3 surface. This
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is indeed confirmed statistically when
comparing the ITB foot point location
determined on temperature profile with the
position of the g=3 surface determined by the
EFIT equilibrium code. The g=3 surface lies
systematically outside the I TB foot point. This
is very similar to the observations in JT-60U
[9.3] for weak positive shear plasma.

It is also important to note that with the
optimum timing either prompt ITBs or
flattening are observed on the electron
temperature profile. This flattening is
associated with the presence of a core =2
island growing possibly inthelow shear region
inthe plasmacentre, confirming that g, isclose
to 2.
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Fig.9.1: Peak fusion yield obtained against g, when
scanning the heating time.

In addition to revealing the role played by integer rational g, the heating timing scan is
also avery useful tool to study the ITB triggering itself.
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Fig.9.2: (b) Te profiles at the ITB formation during the
edge external n=1 m=5 mode.

When the additional heating is applied during the current ramp-up, theinternal inductance
starts to drop (Fig.9.2a), indicating the accumulation of edge current due to the increase of
electron temperature and the decrease of plasma resistivity. As geqqe approaches integer values
such as 5, the edge current destabilises an external n=1 m= geqge MHD mode. This can been seen
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on Fig.9.2ashowing the n=1 component when geqqe Crosses =5 for li closeto 0.7. It appearsthat
theITB istriggered simultaneously (at 4.1s) asillustrated by the increase of the neutron rate and
by the temperature profile shown in Fig.9.2b. Here, ITBsare characterised in location and onset
time using the electron temperature measurements from the ECE heterodyne radiometer. The
ITB onset time can be determined within £100ms from the ‘break’ of the slope of Te profiles.
Thanksto the spatial resolution of thisdiagnostic, the I TB foot point |ocation can be determined
to within 6¢cm.

Using thisprocedure for the determination of the I TB onset time, the whol e heating timing
scan data set has been analysed to verify therole played by the external rational surfaces. It can
be seen on Fig.9.3 that the ITB onset time does not follow regularly the heating time. In fact, it
appearsthat thereisaclustering of the I TB formation timewhen rational edge q surfaces penetrates
into the plasma (particularly at, g=5 and 6). Therefore, the edge MHD mode, associated with an
integer Qegge, SEEMS to be the cause of the triggering of the barrier near the =2 surface.

To confirm the correlation between the edge MHD mode and the onset time of the ITB, a
database of more than 40 discharges has been built up with different current ramp-up rate (from
0.37MA/s to 0.45MA/s) and different field (2.6T and 3.4T). The MHD onset time has been
taken at its start (4s in the case shown on Fig.9.2a). The ITB onset time is seen to be well
correlated, and generally slightly after theedge MHD (Fig.9.4), indicating the causal role played
by the external MHD mode in the ITB triggering.

The above experimental analysis strongly suggest the presence of a link between the
triggering of the I TB and the MHD on the outermost integer q surface driven by the accumulation
of edge current in the current ramp-up. Since the ITB is aso believed to be linked with integer
internal rational q surfaces, toroidal coupling to a g=2 tearing mode is the prime candidate to
explain the possible linkage between these surfaces.
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Coupling between edge (g=5) and internal (g=2) surfaces and their effect on rotation

Stability of coupled tearing modes depends essentially on the plasma shape (aspect ratio,
elongation, triangularity), pressure peaking inside the considered surface (i.e. g=2 here), and
magnetic shear through the island size [9.5]. Coupling between n=1 rational surfaces has been
computed with the CASTOR code using typical equilibrium fromthe JET discharge 47667 with
the optimum heating time (i.e. target g, is close to 2). The edge current has been modified to
reproduce the edge current accumulation in the current ramp-up and to stimul ate the destabilisation
of edge mode on g=>5. The central shear has also been varied to check its effect on the g=2 island
and on its coupling with the g=5 perturbation.
The code calculations demonstrate that
coupling can occur between the external mode  o.012-
on g=5 and the g=2 suface. Figure 9.5 shows
theincrease of the growth rate of then=1 mode
when Qegge @pproaches 5. The width of the (o
resulting island on g=2 is comparable to the
edge-g kink mode distortion. The ratio of the
island width to edge kink distortion depends o4
onthelocal shear onthe g=2 surface, becoming
larger when the g=2 surface isin alow shear
region. Thisisconsistent with the experimental ol - A A5 -
observation that the optimum heating timing Tecige

can produce either an m=2 n=1 mode or a Fig.9.5: Evolution of the growth rate of the n=1 mode

strong internal barrier as observed WNeNGegeapproachessascomputed with the CASTOR
code.
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experimentally in Fig 9.1.

Both resistive and ideal calculations aso confirm the strong effect of the pressure peaking
on coupling. Thispressure dependenceis consi stent with the observation that aminimum heating
power isrequired ( power threshold ) [9.1]. Furthermore, ICRH phasing experiments [9.6] have
shown that central peaked power deposition profiles are more likely to produce an ITB than
broad ones. Similar conclusions have aso been drawn from experiments balancing off- and on-
axis neutral beam injection [9.7].

Experimentally, signs of mode coupling have been noticed on the fast acquisition data of
magnetics. In some casesthetoroidal and poloidal structure of the external n=1 modeis strongly
modified when the barrier forms suggesting that coupling takes place at thistime. Simultaneoudly,
an m=2 n=1 perturbation has also been detected close to the foot the barrier with electron
temperature fluctuations from an ECE heterodyne radiometer indicating the possible presence
of an m=2 island at the foot of the barrier.

When this coupling takes place and once the amplitude of the external modeis sufficiently
high, one or more coupled surfaces inside the plasma can suddenly ‘lock’ with this external
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mode (i.e. their natural frequencies are brought into coincidence with the outermost surface).
Once locked, it is predicted [9.5] that the modes could locally modify the gradients of the bulk
toroidal rotation. Such modification are opposed by the action of perpendicular plasmaviscosity
and the profile relaxes to steady state on a viscous diffusion time-scale which is of the order of
a few tens of milliseconds in the case of the discharges analysed in this paper. The resulting
modification of the bulk rotation can increase locally the ExB shearing rate which, in turn,
stabilises the turbulence and triggers the I TB.

9.3 Summary and future directions

The Optimised Shear experiments conducted on JET during 1999 haveidentified thelink between
internal integer q surfaces (g=2 or g=3) and ITB formation. From the present analysis, it also
appears that the MHD taking place on edge q surfaces, during the current ramp-up, is playing a
key rolein the ITB triggering. Code computations with CASTOR show that coupling between
internal and edge surfaces is possible and consistent with the experimental observations. Once
locked, the coupled modes could lead to local changes of thetoroidal rotation gradient and to the
stabilisation of the turbulence by the increase of rotational shear. Ultimately, this mechanism
opens the prospect to control ITBs by exciting an m=2 n=1 perturbation with saddle coils or by
modifying the plasma shaping parameters or heating deposition profile conditions. Further
experiments are planned both avoiding integer edge-q values to see how this affects the ITB
power threshold and a so using the JET internal saddle coilsto deliberatly drivem=2, n=1 islands
to see how this alters the power threshold.

9.4 Shot list

The shots used to produce Fig 9.4 are given in Table 9.1.
Table 9.1: Shots used to establish causal link between edge MHD and ITB triggering in Fig 9.4.

Shot Jedge (at ITB time) | ITB time (s) | MHD time(s)
49624 4.85 4.9 4.6
49616 5.1 4.6 4.6
49613 4.85 5.05 4.5
49421 5.35 4.25 4.4
49412 5.3 4.35 4.4
49403 5.2 4.4 4.4
49392 5.7 4.2 4.45
49018 5.72 4.1 4.4
48988 5.05 4.25 4.5
48974 4.96 4.45 4.1
48907 4.5 4.7 4.78
48907 5.15 3.85 3.8
49654 5.2 4.45 4.4
49340 4.5 5.2 5.3
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Shot Jedge (at ITB time) | ITB time (s) | MHD time(s)
49362 5.01 4.7 4.45
49342 4.99 4.75 45
49443 5.01 4.7 4.5
49614 4.8 4.8 4.55
47620 5.02 4.15 3.9
47621 5.05 4.25 3.85
47630 4.84 4.4 3.75
47647 5.2 4.0 3.95
47648 4.99 4.2 3.95
47650 4.9 4.3 3.9
47652 5.15 4 3.95
47653 4.95 4.3 4
47660 5.23 3.95 4
47685 4.9 4.3 4
47688 4.93 4.3 3.9
47689 5.06 4.1 4
47640 5.75 35 3.5
47643 5.73 3.6 3.6
47645 6.1 3.2 3.2
47646 5.76 3.6 3.7
47611 4.32 4.75 4.05
47614 5 4.25 4.0
47618 4.37 4.8 4.8
47619 4.4 4.75 4.85
47606 4.17 4.25 4.0
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10. ANALYSISOF NBI AND ICRH HEATING IN OPTIMISED SHEAR
DISCHARGESWITH ITBS.

Y.Baranov', C.Challis', A.Gondhalekar® and D.McDonald*

JET Joint Undertaking, Abingdon, Oxon, OX14 3EA, UK
! EURATOM/UKAEA Fusion Association, Culham Science Centre, Abingdon, Oxon, UK

10.1 Overview

The formation and sustainment of Internal Transport Barriers (ITBs) in Optimised Shear (OS)
discharges depends on many parameters such as plasma heating efficiency, deposition profile,
plasma pressure gradient, toroidal rotation velocity, magnetic shear and q profile. The
dependencies of these parameters on NBI and ICRH power have been analysed statistically
using the JET database. Direct comparison of NBI and |CRH heating has been donein adedicated
experiment and results are presented in this report. The power deposition profiles and plasma
thermal diffusivitieswere modelled using the TRANSP[10.1,2] and PION [10.3] codes. Results
of the modelling are also shown.

A dedicated experiment for the comparison of ICRH and NBI heating has been carried out
with a limited number of pulses and relatively small variation of the plasma conditions. The
heating power waveform has been carefully tuned to produce I TBs. The experiment showed that
the power threshold for the I TB formationisvery closein dischargeswith NBI only and combined
ICRH and NBI heating. The main plasmaparametersare very similar in discharges of both types
provided that the total heating power isthe same.

A statistical analysis shows that both NBI and ICRH heating can be very efficientin ITB
formation and sustainment. It should be noted that the maximum available ICRH power on JET
isroughly two times smaller than NBI power. Ry isproportiona to Wg;.** 1.9 in OS discharges
with ITB with the correlation coefficient (square of the Pearson product moment) R=0.93. There
is no pronounced dependency in the I TB threshold power (Py,), and the highest accessible Ry
and W5, on the Pre/Pyg power ratio. Nevertheless, there are trends that depend on theratio Pre/
Png- 1N particular, the averaged Ry+/Wgi.* * 1.9 decreases in the discharges with higher Pge. The
increment in W, is smaller on average in discharges with highest Pge. Partially this effect is
associated with a pronounced decrease in the pedestal density. The toroidal rotation Vi, is a
function of Pyg with only aweak dependence on Pge.

Further experiments directed at the efficient utilisation of the combined ICRH and NBI
heating are required. It is necessary to increase the range of the ratio of Pre/Pyg to gain further
understanding of therole of the different heating methods. Thisratio did not significantly exceed
0.4 in the reported experiments.
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10.2 Results
1) Direct comparison of NBI and RF heating in OS discharges.

The power waveform has been tuned to produce an ITB in OS discharge with NBI heating only
(pulse # 49362). An ITB has been observed in a discharge with approximately the same total
power waveform when combined NBI and RF heating was applied (pul se #49654). The evolution
of the main plasma parametersis shownin Fig.10.1.

Two more shotsare shown in Fig.10.1 with slightly lower total heating power. NBI heating
only was used in pulse #49443. Combined RF and NB heating was applied in pulse #49655.
Neither of them produced evident ITBs. Itis clear from comparison of these four pul sesthat the
power P,, required for ITB formation is close to the total heating power in pulses # 49362 and
49654. Thereisno visible difference in P,,in dischargeswith NB only and NB plus RF heating.
The comparison of discharges with ITBs shows that the diamagnetic energy W, is initially
slightly higher and neutron yield Ry is lower in the pulse with combined heating. The density
profiles measured by the Thomson scattering diagnostic are compared in Fig.10.2 for discharges
with ITBs (#49362, 49654) and without I TBs (#49443, 49655) before and after ITB formation.
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Fig.10.1: Evolution of Pg;, Pyg, Pis= Prit Png, Weias Ryt Fig.10.2: Plasma density profiles measured using the

and line integrated density ng in OSpulses ## 49362, ~ Thomson scattering diagnostic in OS pulses ## 49362,

49443, 49654, 49655. 49443, 49654, 49655 before ITB formation at a)t=4.1s
b)t=4.6s and after 1TB formation c)t=4.9s.
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Fig.10.3: Electron temperature profiles measured using
heterodyne radiometer in OS pulses ## 49362, 49443,
49654, 49655 before | TB formation at a)t=4.2sb)t=4.5s
and after ITB formation c)t=4.8s. 49362-black line,
49654-red line, 49443-green line, 49655-blue line.

The electron temperature profiles
measured by heterodyne radiometer are shown
for the same pulsesin Fig.10.3. Both figs.10.2
and 10.3 show that T, and n, profiles steepen
after ITB formation in the plasma core. The
ion temperature (T; ) profiles are shown in
Fig.10.4 for discharge with NB only heating
(Ti measurementsfailed inadischargewith I TB
and combined heating). T; profile steepenning
istypical of dischargeswith anion ITB.

Observed differencesin W, and Ryt for
shots with ITBs (#49362, 49654) can be
explained by the different electron and ion
heating. Figure 10.5 shows the total heating
power, P, and P, transferred to electron and
thermal ion components respectively.
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T, (keV)

oF Pulse No. 49443
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Fig.10.4: lon temperature profiles measured using
charge exchange spectroscopy in OS pulses # 49362,
49443,

Pulse No: 49654, 49362
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Fig.10.5: Total electron and ion heating power P,, and
P;, in OS pulses with I TBs # 49362, 49654.

These powerswere calculated using TRANSRP . It should be noted that T; from pul se #49362
was used in simulation of discharge #49654. P, and P, converge in the discharge with combined
NB plus RF heating (#49654). P, and P, diverge, on the other hand, in discharge with NBI only
heating. Profiles of the electron and ion heating powers are compared in fig.10.6 for discharges
with ITBs and with the different heating schemes. The heating is more peaked in discharges
with combined heating. Figure 10.7 shows different channels for the RF power absorption for
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Fig.10.6: Normalised profiles of electron p, and ion p;
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(#49654) and NB only (#49362) heating. Q.= J’ Pe;dV.
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Fig.10.7: RF power absorption and heating channels.
P.u-total absorbed RF power, Pge _, i power absorbed
by fast deuteriumtail, Pge _, -power absorbed by fast
hydrogen minority, Pg; _,; -power absorbed by thermal
ions, Pg _, . —power absorbed by electrons, P -
power transferred from fast ions to electrons, P, _ -
power transferred from fast particles to thermal ions.
Pulse #49654 .

pulse #49654. Only asmall proportion of the RF power is absorbed by the thermal ions (Prs i)
and electrons (Prs _, ¢). A greater part istransferred to the hydrogen minority (Prr _, mn) @andto the
fast deuteriumtail (Prr _, ts) produced by NBI. These powersare subsequently transferred mainly

to the electron component (Pfs _, ¢) dueto the
frictional slowing down of the fast ions
(hydrogen and deuterium). A small part
(Pnfs— i) heats the thermal ion component.

Figure 10.8 shows the perpendicular
distribution function for thefast deuteriumions
as measured by a neutral particle analysis
diagnostic in the pulse with combined NB and
RF heating (#49654). Similar measurements
have been made for a number of OS pulses.
These measurements show that thefast ion tail
has characteristic perpendicular temperature
around 0.5MeV. The slowing down time for
suchionsiscloseto or above 1sfor conditions
typical of OS discharges in the early phase of
the ITB development.
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The predominant absorption of RF power by the fast ions can be responsible for several
important effects:

. Firstly, fast ions with large perpendicular and comparatively small parallel energy may
have wide banana orbits and poor confinement.

. Secondly, the hydrogen minority absorbs the RF power but does not participate in fusion
reactions, which decreases the neutron yield.

. Thirdly, the RF power absorbed by the fast particlesis transferred mainly to the electron
plasma component, which has, in general, poorer confinement than the thermal ion
component [10.4]

It should be noted also that W, should be higher in discharges with combined heating
than in discharges with NB only heating, assuming that the total plasma energy W, isthe same.
This follows from the fact that W =W+ Wiy [1+Wig and W= Wy +3/2Wig1, where Wy,
W4, Wiy, arethethermal plasmaenergy, perpendicular and parallel fast ion energy respectively.
The combined RF and NBI heating causes anisotropy in the fast ion distribution function with
Wi [7>2Wig [10.4].

2) Satistical analysis

The main goal of the analysis was to compare

dW;/dt versus P, +P at ITB formation

the plasma fuelling, heating and neutron yield M ;’mygﬁww

efficiencies for different heating schemes and I :Emﬁgﬁwm .

to deduce the general trendsin awide range of 6 HQZZ: gmigwm
conditionscharacteristic of OSdischarges. Two

important time points in the evolution of each w;

discharge have been chosen for the analysis. 5 T

They correspond to the time of 1TB formation $:

t; and the maximum of the neutron flux (Ryr) L

t,, respectively. Only pulses with measured T;,

T, and n, and without noble gas puffing have
been selected for the analysis. The database 25 15 >0 55 30
comprises 106 pulses. PPy (107 W)

Figure 10.9 showsthedependence of the  Fig.10.9: dWj;,/dt versus Pre+Pyg in OS discharges at
eof thecamagnetc oy ncremant W/ 1> T e o o el o
dt on the total heating power PretPyg @t the
time of ITB formation t;.

The RF and NB power are averaged over Atgr =1s and Atyg= 0.2s, preceding t;,. Thetime
interval Atgr and Aty are determined by the approximate slowing down times for the fast ions
produced by RF and NB power, respectively. Figures 10.10 and 10.11 show the dependence of
dW,_tn/dt and dW/dt on the heating power at t;, where W,y and W, are the thermal ion and
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5dWi_m/dt versus P, +P at ITB formation 4dWe/dt versus P, ,+P at ITB formation

& P<3MW & P<3MW
B 3MW<P<5MW B 3MW<P<5MW u
A 5MW<Py [ A 5MW<P,
4l Linear (P<3MW) " A
— Linear (3MW<P<SMw) B a2 3
— Linear (SMW<Py) n A =
=N
Q 7 f T
L:) 3 ‘5 | ] *
\8_/ ?'_, 2 " | | u ™ | | AA A
T A ;@ .’ iy N .
I, | A A
% ° * | L= ma AA A A
= ﬂ o oA
[
i e g ia
1 * } u HA A
-
= . L ] 1 p
* 3 * A B A E
: . :
0 | | | S 0 | | | S
1.0 15 2.0 2.5 3.0 1.0 15 2.0 25 3.0
Pp+Pys (107 W) Prp+Pys (107 W)

Fig.10.10: dW,.1 /dt versus Pre+ Py in OSdischarges  Fig.10.11: dW, /dt versus Pge+ Py in OSdischarges at
at ITB formation timet,. Thelinear trend lineisshown  |ITB formation timet,.
asanindication of the centre mass of the cloud of points.

electron energy, respectively. It is obvious that the plasma heating (for all plasma components)
does not simply depend on the total heating power. It varies depending on the ratio Pre/Pysg.-

Therate of the plasma fuelling dN¢/dt= I(dne /dt)dV insider/a<0.6 at thetime of ITB
r/a<0.6

formation is shown in fig.10.12 for discharges with different NB power; as expected at a given

input power the rate of fuelling increases with the beam power fraction. The rate of the line

integrated density change at the time of ITB formation is shown in Figs.10.13 and 10.14 as the
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Fig.10.12: dN, /dt versus Pyg in OSdischarges at ITB  Fig.10.13: d(ng 1 ) /dt versus Pyg in OS discharges at
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function of NBI power for vertical lines of sight at R=3.02m and 3.74m, respectively. Thereisa
strong decrease in the peripheral density (R=3.74m) as the ITB forms and this increases for
pulses with the highest RF power, as can be seen from Fig.10.14. This effect is demonstrated in
Fig.10.15 for pulse #45416. The vertical line indicates the time of ITB formation. A strong
decline in the edge line integrated density (KG1V/LID4) shows the decrease in the periphera

density.
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Fig.10.14: d(ng , ) /dt versus Pyg in OS discharges at
ITB formationtimet;. ny,isthelineintegrated density
measured by interferometer along vertical chord at
R=3.74m.

Figure 10.16 shows the total heating
power as the function of the ratio Pre/Pyg in
OS discharges at t; The upper boundary for
P.ot=PretPng isdetermined by operational limit
(maximum available power, choice of the
power waveform). The lower boundary
indicates the ITB power access limit Py, It
should be noted that P, does not depend,
practically, on theratio of Pre/Pyg at B,=2.5T.
For the higher magnetic field, it isimpossible
to make a conclusion concerning the
dependence of P,, on Pre/Pyg as the database
covers too narrow range of Pre/Pyg.
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Fig.10.15: Variation of the main plasma parameters.
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Vior (R ITB) (105 m/s

Thevelocity of thetoroidal rotation V., at thelocation of theion ITB isshowninFigs.10.17
and 10.18 asafunction of Pre+Pyg and Pyg, respectively. These figures show V., at the time of
ITB formation t;. Thelocation of ITB isdefined asthelocation of the max(dP, /dR)), where P, is
the thermal ion pressure and R isthe major radius. V,,, isinsensitive to the total heating power,
depending as expected dominantly on beam power.

Vior (R ITB) versus P,,/Pat ITB formation (no Ar)
(Pt 1s averaged)
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Fig.10.17: V,,, asafunction of P+ Pyg at I TB formation
time t,in OSdischarges.
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Fig.10.19: Dependence of Ry on W, in OSdischarges
at maximum Ry time t,.
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Fig.10.18: V,, as a function of Pyg at ITB formation

timet; in OSdischarges.
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The dependence of the neutronyield Ryt
on the plasma diamagnetic energy Wy, iS
shown in Fig.10.19 at the time t,, when Ryt
reachesits maximum value. Statistical analysis
shows that Ry is proportional to Wy,.**1.92
with the correlation coefficient (square of the
Pearson product moment) R=0.93. Figure
10.20, showsthat the ratio Ry/Wdia**1.92 is
slightly higher for dominantly beam heated
discharges. Figure 10.21 showsthe dependence
of Ryr/Wdia**1.92 on theratio Wi,/ Wy at ty
(time of peak neutron flux), where W+ and
W, are the thermal plasma energy and
diamagnetic energy of the fast particles
Wiag=Wgia- Wy, respectively.

Rm/WdiE,\l'92 versus Wi, /Wy, at ~max R, in discharges
) 5with ITB (no Ar)
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Fig.10.21: Ry / Wy,**1.92 versus Wi,y /Wqy in OS
discharges at maximum Ry time t,.

Wia, Wit and W, are shown versus Py at t,in Figs.10.22, 10.23 and 10.24, respectively.
Little difference in stored energy is observed for different power fractions.
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Fig.10.22: Wy, versus Pg: +Pyg in OS discharges at
maximum Ry time t,.

W,_y, versus Py, +P;at ~max R in discharges
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W, versus Py, /Pat ~max R, in discharges
5with ITB (no Ar)

* P<3MW
m 3MW<P,<4MW
A AMW<P<5MW
x SMW<Pq
¢
A
X
A
[} A AA X
S 250 *
@ A X
= .A alAA} *x%
A X ><
A X &
0’ AQ . i
* o
0 ! 2
1 2 3

Pnb + Prf (107) )

Fig.10.24: W, versus Pge + Py in OSdischarges at maximum Ry timet,.

10.3 Summary

An experiment dedicated to the direct comparison of RF and NBI heating schemes has been
performed at afixed magnetic field B=2.6T and maximum plasma current [,=2.5MA. The total
heating power Pyg+Pgrr Was limited to 15MW in the experiment and Prr did not exceed 5.5MW.

The evolution of the neutron yield and the diamagnetic energy are similar in discharges
with different heating schemes, provided that the power waveforms are identical. The electron
ITB was observed in NBI only and NBI plus RF heating discharges with very similar power
waveforms. Theion ITB was observed in the experiment in discharges with NBI only heating.
The ion temperature measurements failed in the series of pulses with combined NBI plus RF
heating. Nevertheless, the neutron yield evol ution indicatesthat theion | TB hasbeen a so obtained
in the equivalent discharges with acombined heating. The plasmadensity peaking was observed
in dischargeswith NBI only and NBI plus RF heating with ITBs. It has been found that the ITB
formation power threshold is very similar in discharges with different heating schemes.

There are subtle differences between dischargeswith I'TB produced by NBI only and with
combined heating. The diamagnetic energy and the electron temperature are slightly higher and
theneutronyield isdlightly lower in the combined heating case compared with NBI only hesating,
provided that thetotal power isthe same. A simulation of the plasmaheating and the heat transport
using the TRANSP and PION codes provides the following explanation for the differences.

Modelling of RF heating shows that significant proportion (60%-70%) of the RF power is
absorbed by the hydrogen minority tail. The heating increases predominantly the perpendicular
velocity (with respect to the magnetic field). The hydrogen minority does not participate in
fusion reaction and does not contribute to the fusion yield. The fast deuterium tail produced by
NBI absorbs about 15-20% of the RF power. The fast deuterium population increases the plasma
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reactivity. The ion distribution function of the fast ions (both, hydrogen and deuterium) is

anisotropic with the perpendicular component dominant. The diamagnetic energy is larger in

dischargeswith the higher anisotropy. The characteristic tail temperatureisof the order of 0.5MeV.

Thisisconfirmed by adirect measurement of the fast deuterium distribution function in discharges

with RF heating. Thetypical slowing down timefor thefast ionsisof the order of 1s. The energy

from the fast ions is transferred mainly to the electron component due to frictional slowing
down.

The results of the statistical analysis should be treated with a great caution. Trends and
tendencies shown in figures10.9-10.24 are often unclear. There is alarge scattering of pointsin
each graph. These facts indicate that there are hidden parameters in each dependency. Bearing
thisin mind the most general conclusions can be formulated.

At thetime of ITB formation:

. d(W/dt, d(W, ;,,)/dt and d(W)/dt do not increase simply as afunction of P,,. They are
also functions of Py /Py.

. Asthe ITB forms there is a clear reduction in edge density and this reduction increases
with RF power. This could be due to improved particle confinement as the RF power
fraction increases, though it appears the confinement degrades with increased RF power
fraction.

. Thereisno significant increase in ITB access power with increase of P/P,; at B= 2.5T.
(Thereisaso no indication of a dependence at B=3.4T).

. V,(Ri7g) does not increase simply with P, ,, it ismainly afunction of P.

At the time of maximum performance (max Ryy):

. Ryt isproportiona toW ;. ** 1.9 in OSdischargeswith I TB with the correl ation coefficient
(square of the Pearson product moment) R=0.93.

. Theaveraged R /W " * 1.9 decreasesas W, /W, increased. This effect can be explained
by significant absorption of RF power by fast hydrogen minority.

There may be a reduction in W, reached in discharges with the highest P, = SMW.

Possible explanation: fast ion tail produced by RF heats mostly electrons, which are not

confined aswell asthethermal ions. Thisis supported by the dependence of W, on P, , and

Pee-

Further experiments dedicated to the direct comparison of different heating schemes are
required. It isnecessary to increasetheratio of Pre/Pyg. | TBshave been produced in the dedicated
experiment in regimes, when P, was closeto that of P,,. ITBswererelatively weak. Anincrease
of P, should improve the quality of the ITBs. It iscrucia to produce ITBsin regimes with the
combined RF and NBI heating at higher plasma density and the ion temperature. This would
decrease the heating of the fast particlesin general and the hydrogen minority in particular. Asa
consequence, the electron and the thermal ion heating could be relatively smaller and greater,
respectively. Only alimited number of pulses have been done so far to verify the importance of
the power deposition profile.
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10.4 Shot lists

The experiment on a direct comparison of NBI and RF heating in OS discharges includes 27
pulses. It has been performed at B=2.6T and | ,=2.5MA. Thelist of shotsisshownintable 1 with
short comments.

Table 10.1: Shots used for analysis of NBI versus RF heating

Pulse Comments

49192 |NBI only, rough timing scan and power waveform adjustment

49193 |NBI only, rough timing scan and power waveform adjustment

49195 |NBI only, rough timing scan and power waveform adjustment

49196 |NBI only, rough timing scan and power waveform adjustment

49197 |NBI only, rough timing scan and power waveform adjustment, strong ITB, disruption

49199 |NBI only, rough timing scan and power waveform adjustment

49200 |NBI only, rough timing scan and power waveform adjustment

49203 |NBI only, rough timing scan and power waveform adjustment

49340 |NBI only, rough timing scan and power waveform adjustment, ITB at 44.3s

49342 |NBI only, rough timing scan and power waveform adjustment, ITB at 44.3s

49344  |NBI only, rough timing scan and power waveform adjustment

49345 |NBI only, rough timing scan and power waveform adjustment, weak ITB at 44.4s

49346  |NBI only, rough timing scan and power waveform adjustment

49359 |NBI only, rough timing scan and power waveform adjustment, ITB at 44.5s

49362 |NBI only, rough timing scan and power waveform adjustment, ITB at 44.4s, disruption

49365 |repeat 49362, weak ITB

49366 |NBI only, like #49197, power scan

49367 |NBI only, like #49197, power scan, weak ITB

49368 |NBI only, like #49197, power scan

49369 |ICRH plus NBI waveform adjustment

49370 |ICRH plus NBI waveform adjustment

49443 |NBI only, like #49197, power scan, below power threshold

49444  |NBI only, like #49197, power scan, below power threshold

49445  |NBI only, like #49197, power scan, below power threshold

49447  |ICRH plus NBI, waveform adjustment, like 49197, below power threshold

49652 |ICRH plus NBI, waveform adjustment, like 49197, below power threshold

49654 |ICRH plus NBI, waveform adjustment, like 49197, electron ITB, no Ti measurements

49655 |ICRH plus NBI, waveform adjustment, like 49197, no ITB, no Ti measurements
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Table 10.2 shows the list of pulsesinclude in the database for a statistical anaysis.

Table 10.2: List of 105 shots used for statistical analysisin this chapter

SHOT | TF(T) | Ip(MA) | Piot(W) | Wgia(d) Ho7 Pre/PnBi | Prnei(W) | Pre(W) Rnt

45380 2.58 2.48 2.56E+07 | 5.09E+06 1.29 2.75E-01 | 1.47E+07 | 4.06E+06 | 1.08E+16
45383 2.58 2.44 1.89E+07 | 5.08E+06 1.81 3.16E-01 | 1.36E+07 | 4.29E+06 | 1.01E+16
45388 2.42 2.11 1.72E+07 | 4.16E+06 1.85 2.33E-01 | 1.23E+07 | 2.86E+06 | 6.09E+15
45389 2.42 2.15 1.40E+07 | 3.64E+06 1.76 2.23E-01 | 1.07E+07 | 2.39E+06 | 4.76E+15
45400 2.52 2.14 1.49E+07 | 3.84E+06 1.84 2.74E-01 | 1.02E+07 | 2.79E+06 | 4.76E+15
45403 2.51 2.13 1.51E+07 | 3.72E+06 1.70 2.83E-01 | 1.02E+07 | 2.88E+06 | 4.54E+15
45404 2.57 241 1.65E+07 | 4.65E+06 1.90 3.80E-01 | 1.11E+07 | 4.22E+06 | 7.85E+15
45414 2.52 2.16 1.48E+07 | 3.90E+06 1.79 3.73E-01 | 9.37E+06 | 3.50E+06 | 4.41E+15
45416 2.57 2.53 1.92E+07 | 5.48E+06 1.85 3.62E-01 | 1.29E+07 | 4.66E+06 | 1.09E+16
45421 2.52 2.16 1.65E+07 | 4.31E+06 1.90 3.07E-01 | 1.13E+07 | 3.47E+06 | 6.61E+15
45426 2.52 2.26 1.78E+07 | 4.57E+06 1.92 3.71E-01 | 1.14E+07 | 4.21E+06 | 8.35E+15
45542 2.43 2.16 1.76E+07 | 4.23E+06 1.94 2.14E-01 | 1.22E+07 | 2.60E+06 | 7.23E+15
45546 2.43 2.12 1.66E+07 | 3.82E+06 1.74 2.10E-01 | 1.13E+07 | 2.38E+06 | 4.52E+15
45547 243 2.17 1.60E+07 | 4.58E+06 2.00 2.44E-01 | 1.15E+07 | 2.80E+06 | 7.22E+15
45550 2.48 2.16 1.69E+07 | 4.39E+06 1.90 2.96E-01 | 1.11E+07 | 3.28E+06 | 7.34E+15
45555 2.47 2.18 1.76E+07 | 4.27E+06 1.76 3.00E-01 | 1.17E+07 | 3.52E+06 | 6.86E+15
45558 2.48 2.17 1.78E+07 | 4.41E+06 1.81 3.42E-01 | 1.17E+07 | 3.99E+06 | 8.04E+15
45564 2.47 2.18 1.67E+07 | 4.28E+06 1.79 3.06E-01 | 1.13E+07 | 3.45E+06 | 7.07E+15
45565 2.47 2.19 1.62E+07 | 4.18E+06 1.78 2.88E-01 | 1.22E+07 | 3.50E+06 | 7.29E+15
45575 2.47 2.30 1.86E+07 | 4.73E+06 1.85 3.30E-01 | 1.31E+07 | 4.34E+06 | 9.27E+15
45582 2.47 2.26 1.77E+07 | 4.82E+06 1.95 3.28E-01 | 1.21E+07 | 3.95E+06 | 9.08E+15
45585 2.47 2.14 1.62E+07 | 4.10E+06 1.77 2.59E-01 | 1.19E+07 | 3.08E+06 | 6.56E+15
45586 2.47 2.21 1.71E+07 | 4.51E+06 1.86 3.06E-01 | 1.20E+07 | 3.68E+06 | 8.32E+15
45587 2.47 2.27 1.77E+07 | 4.82E+06 1.93 3.25E-01 | 1.25E+07 | 4.07E+06 | 9.61E+15
45592 2.47 2.25 1.75E+07 | 4.56E+06 1.84 3.31E-01 | 1.21E+07 | 4.00E+06 | 8.34E+15
45593 2.47 2.29 1.79E+07 | 4.85E+06 1.82 3.49E-01 | 1.26E+07 | 4.38E+06 | 9.66E+15
45622 3.45 2.72 2.31E+07 | 4.57E+06 1.46 1.99E-01 | 1.58E+07 | 3.15E+06 | 5.49E+15
45623 3.45 2.72 2.13E+07 | 5.90E+06 1.73 2.75E-01 | 1.61E+07 | 4.44E+06 | 1.24E+16
45627 3.45 2.87 1.80E+07 | 6.47E+06 1.90 3.66E-01 | 1.46E+07 | 5.34E+06 | 1.67E+16
45628 3.45 2.86 1.79E+07 | 6.19E+06 1.84 3.51E-01 | 1.40E+07 | 4.93E+06 | 1.48E+16
45632 3.45 2.89 2.29E+07 | 6.6 7E+06 1.75 3.57E-01 | 1.65E+07 | 5.88E+06 | 1.77E+16
45633 3.45 2.93 2.12E+07 | 6.90E+06 1.79 3.63E-01 | 1.61E+07 | 5.85E+06 | 1.79E+16
45635 3.45 2.69 2.42E+07 | 5.88E+06 1.70 2.36E-01 | 1.73E+07 | 4.10E+06 | 1.17E+16
45643 3.45 2.84 2.24E+07 | 5.57E+06 1.58 2.79E-01 | 1.54E+07 | 4.29E+06 | 9.02E+15
45644 3.45 2.90 2.30E+07 | 7.15E+06 1.83 3.10E-01 | 1.72E+07 | 5.33E+06 | 1.88BE+16
45666 2.48 2.56 1.34E+07 | 6.21E+06 2.22 2.93E-01 | 1.26E+07 | 3.69E+06 | 1.43E+16
45670 2.47 2.25 1.83E+07 | 4.81E+06 1.84 3.02E-01 | 1.30E+07 | 3.94E+06 | 8.24E+15
45672 2.48 2.14 1.63E+07 | 4.00E+06 1.74 2.29E-01 | 1.20E+07 | 2.73E+06 | 4.91E+15
45673 2.47 2.17 1.69E+07 | 4.51E+06 1.92 2.76E-01 | 1.17E+07 | 3.24E+06 | 6.80E+15
45817 2.47 2.18 1.78E+07 | 4.40E+06 1.82 2.93E-01 | 1.21E+07 | 3.55E+06 | 7.05E+15
45831 2.81 2.46 1.91E+07 | 4.83E+06 1.81 3.63E-01 | 1.17E+07 | 4.25E+06 | 1.00E+16
45839 2.49 2.15 1.76E+07 | 4.53E+06 1.93 2.99E-01 | 1.20E+07 | 3.59E+06 | 7.25E+15
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SHOT TE(M) | Ip(MA) | Por(W) | Wgia(d) Ho7 Prr/Pni | Pnei(W) | Prr(W) Rnt

45842 2.50 2.19 2.00E+07 | 4.87E+06 1.90 3.20E-01 | 1.33E+07 | 4.26E+06 | 9.24E+15
45860 2.47 2.22 2.23E+07 | 5.34E+06 2.09 1.94E-01 | 1.63E+07 | 3.17E+06 | 1.04E+16
45867 2.48 2.26 2.01E+07 | 5.44E+06 2.07 3.44E-01 | 1.40E+07 | 4.83E+06 | 1.14E+16
45876 2.47 2.33 1.79E+07 | 5.89E+06 2.33 3.40E-01 | 1.31E+07 | 4.45E+06 | 1.29E+16
45877 2.51 2.28 1.92E+07 | 5.74E+06 2.24 3.39E-01 | 1.21E+07 | 4.10E+06 | 1.20E+16
45882 2.39 2.27 1.88E+07 | 5.85E+06 2.33 3.24E-01 | 1.29E+07 | 4.19E+06 | 1.10E+16
45885 2.48 2.18 1.84E+07 | 4.64E+06 2.04 2.58E-01 | 1.21E+07 | 3.11E+06 | 7.66E+15
45886 2.47 2.27 1.80E+07 | 5.53E+06 2.15 3.47E-01 | 1.18E+07 | 4.10E+06 | 1.04E+16
45887 2.47 2.18 1.90E+07 | 4.65E+06 1.95 2.57E-01 | 1.22E+07 | 3.13E+06 | 6.59E+15
45906 2.48 2.13 1.57E+07 | 4.41E+06 2.02 3.17E-01 | 1.06E+07 | 3.38E+06 | 7.20E+15
45907 2.41 2.18 1.78E+07 | 4.79E+06 2.12 3.06E-01 | 1.20E+07 | 3.67E+06 | 8.39E+15
46048 3.45 2.13 1.64E+07 | 3.98E+06 1.61 2.99E-01 | 1.29E+07 | 3.86E+06 | 4.99E+15
46049 3.45 2.17 2.18E+07 | 4.85E+06 1.69 3.01E-01 | 1.52E+07 | 4.57E+06 | 7.45E+15
46050 3.45 2.35 2.27E+07 | 5.72E+06 1.87 3.80E-01 | 1.62E+07 | 6.13E+06 | 1.22E+16
46052 3.45 2.37 2.06E+07 | 5.81E+06 1.76 2.90E-01 | 1.74E+07 | 5.04E+06 | 1.34E+16
46087 2.48 2.22 1.74E+07 | 5.07E+06 2.12 2.94E-01 | 1.23E+07 | 3.62E+06 | 1.09E+16
46091 2.47 2.31 1.78E+07 | 5.77E+06 2.26 3.48E-01 | 1.30E+07 | 4.51E+06 | 1.36E+16
46092 2.48 2.26 1.89E+07 | 5.29E+06 2.12 3.41E-01 | 1.23E+07 | 4.20E+06 | 1.12E+16
46095 2.47 2.27 1.78E+07 | 5.14E+06 2.10 3.27E-01 | 1.24E+07 | 4.06E+06 | 1.18E+16
46099 2.48 2.27 2.05E+07 | 5.25E+06 1.91 2.86E-01 | 1.41E+07 | 4.04E+06 | 1.14E+16
46101 2.48 2.43 1.84E+07 | 6.06E+06 2.26 3.23E-01 | 1.50E+07 | 4.84E+06 | 1.57E+16
46119 2.47 2.26 1.85E+07 | 4.87E+06 2.06 2.29E-01 | 1.37E+07 | 3.13E+06 | 9.44E+15
46384 3.44 3.29 2.90E+07 | 8.84E+06 1.84 4.76E-01 | 1.79E+07 | 8.54E+06 | 2.58E+16
46510 3.45 2.71 2.40E+07 | 5.92E+06 1.76 2.15E-01 | 1.77E+07 | 3.81E+06 | 1.09E+16
46616 3.46 2.80 2.21E+07 | 6.80E+06 1.81 3.31E-01 | 1.59E+07 | 5.26E+06 | 1.70E+16
46621 3.46 2.75 1.93E+07 | 6.66E+06 1.90 2.99E-01 | 1.64E+07 | 4.89E+06 | 1.68E+16
46623 3.45 2.90 1.78E+07 | 6.41E+06 1.71 3.14E-01 | 1.58E+07 | 4.94E+06 | 1.47E+16
46627 3.45 3.09 1.79E+07 | 7.24E+06 1.83 3.10E-01 | 1.62E+07 | 5.03E+06 | 1.99E+16
46636 3.45 2.78 2.05E+07 | 5.50E+06 1.66 1.03E-01 | 1.84E+07 | 1.89E+06 | 1.19E+16
46637 3.45 3.01 1.90E+07 | 6.86E+06 1.88 2.90E-01 | 1.53E+07 | 4.44E+06 | 1.79E+16
46642 3.45 3.03 1.85E+07 | 7.55E+06 2.03 3.38E-01 | 1.56E+07 | 5.29E+06 | 2.11E+16
46649 3.45 3.10 2.50E+07 | 8.47E+06 2.08 3.17E-01 | 1.83E+07 | 5.82E+06 | 2.75E+16
46654 3.45 3.03 2.48E+07 | 7.41E+06 1.81 2.89E-01 | 1.82E+07 | 5.26E+06 | 1.79E+16
46660 3.45 2.89 2.04E+07 | 6.59E+06 1.91 2.01E-01 | 1.62E+07 | 3.27E+06 | 1.66E+16
46663 3.45 2.96 2.41E+07 | 6.98E+06 1.80 2.56E-01 | 1.82E+07 | 4.66E+06 | 1.72E+16
46664 3.45 3.02 2.37E+07 | 6.86E+06 1.81 3.06E-01 | 1.65E+07 | 5.07E+06 | 1.60E+16
46669 3.45 3.10 1.75E+07 | 7.36E+06 1.94 3.79E-01 | 1.54E+07 | 5.83E+06 | 1.87E+16
46676 3.45 2.95 2.54E+07 | 7.15E+06 1.83 3.29E-01 | 1.74E+07 | 5.72E+06 | 1.78E+16
46697 3.45 3.13 1.78E+07 | 7.44E+06 1.65 3.95E-01 | 1.52E+07 | 6.00E+06 | 2.06E+16
46699 3.45 3.13 1.83E+07| 7.12E+06 1.90 3.83E-01 | 1.56E+07 | 5.97E+06 | 1.83E+16
46716 3.45 3.02 2.48E+07 | 7.29E+06 1.70 3.16E-01 | 1.80E+07 | 5.68E+06 | 1.79E+16
46717 3.45 3.13 1.70E+07 | 6.33E+06 1.74 3.64E-01 | 1.46E+07 | 5.32E+06 | 1.34E+16
46722 3.45 3.16 2.40E+07 | 7.34E+06 1.76 3.07E-01 | 1.70E+07 | 5.23E+06 | 1.87E+16
46727 3.45 3.01 1.69E+07 | 6.38E+06 1.89 3.32E-01 | 1.40E+07 | 4.64E+06 | 1.46E+16
46890 3.45 3.04 1.98E+07 | 6.00E+06 1.59 4,55E-01 | 1.30E+07 | 5.92E+06 | 9.96E+15
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SHOT | TR (T) | Ip(MA) | Prot(W) | Wgia(J) Ho7 Pre/PnBi | Prnei(W) | Pre(W) Rnt

46946 3.45 2.95 2.25E+07 | 6.57E+06 1.74 3.68E-01 | 1.48E+07 | 5.45E+06 | 1.30E+16
47040 2.98 2.48 2.05E+07 | 4.85E+06 1.75 1.88E-01 | 1.51E+07 | 2.83E+06 | 7.45E+15
47061 2.99 2.68 2.01E+07 | 6.12E+06 1.95 2.98E-01 | 1.43E+07 | 4.25E+06 | 1.40E+16
47332 3.36 3.43 1.97E+07 | 6.63E+06 1.61 2.39E-01 | 1.58E+07 | 3.78E+06 | 1.29E+16
47432 3.46 3.13 2.60E+07 | 7.81E+06 1.90 3.19E-01 | 1.86E+07 | 5.95E+06 | 2.25E+16
48907 2.57 2.11 1.96E+07 | 4.80E+06 1.87 1.81E-01 | 1.57E+07 | 2.84E+06 | 8.31E+15
48912 2.57 2.30 1.83E+07 | 5.25E+06 2.06 3.70E-01 | 1.21E+07 | 4.48E+06 | 1.10E+16
48965 2.57 2.57 2.12E+07 | 6.28E+06 1.74 3.37E-01 | 1.58E+07 | 5.32E+06 | 1.32E+16
48969 2.58 2.53 1.93E+07 | 6.07E+06 1.87 3.42E-01 | 1.56E+07 | 5.35E+06 | 1.14E+16
48971 2.58 2.34 1.96E+07 | 5.48E+06 2.04 3.98E-01 | 1.37E+07 | 5.44E+06 | 9.98E+15
48988 2.57 2.19 2.08E+07 | 5.06E+06 1.52 2.87E-01 | 1.34E+07 | 3.84E+06 | 1.11E+16
48993 2.57 2.09 1.56E+07 | 4.00E+06 1.81 5.34E-01 | 9.46E+06 | 5.06E+06 | 5.68E+15
48994 2.57 2.17 1.77E+07 | 4.90E+06 2.14 4.05E-01 | 1.23E+07 | 4.98E+06 | 9.82E+15
49196 2.57 211 1.74E+07 | 3.54E+06 1.60 0.00E+00 | 1.63E+07 | 0.00E+00 | 5.90E+15
49197 2.57 2.08 1.40E+07 | 3.02E+06 1.47 0.00E+00 | 1.49E+07 | 0.00E+00 | 4.59E+15
49200 2.57 2.30 1.65E+07 | 3.80E+06 1.55 0.00E+00 | 1.49E+07 | 0.00E+00 | 6.27E+15
49359 2.57 2.13 1.50E+07 | 3.43E+06 1.52 0.00E+00 | 1.47E+07 | 0.00E+00 | 5.68E+15
49362 2.58 211 1.56E+07 | 3.29E+06 1.53 0.00E+00 | 1.49E+07 | 0.00E+00 | 5.43E+15
49367 2.57 2.15 1.29E+07 | 2.95E+06 1.42 0.00E+00 | 1.20E+07 | 0.00E+00 | 4.42E+15
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11. ACCESS POWER STUDIES
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11.1 Overview.

The JET Optimised Shear (OS) regime exhibits, amongst other conditions, a heating power
threshold for the formation of a good quality Internal Transport Barrier (ITB). Some results of
the power threshol d dependence on toroidal magnetic field have been reported previously [11.1].

An extensive database of more than 250 OS plasmas with different power level, heating
scheme and current profile control has been formed and used to determine the conditions for
ITB formation. Theresults of the database analysiswill be presented which confirm an important
role of access power and other key plasma parameters. Some conclusion could also be drawn on
how power threshold depends on the heating scheme (NBI and ICRH) and plasma fuelling
(provided mainly by NBI).

JET experiments have also shown that although access power is an important parameter,
which controls the production of the ITB, it is not unique. Magnetic configuration, particularly
g-profile and magnetic shear, are aso important for the ITB formation. This subject will be
discussed in detailsin Section 8 (ITBs Produced with LHCD Preheating).

11.2 Access Power Database.

Experiments, carried out during 1999 experimental campaign, resulted in the creation of alarge
database (with about 250 shots), which includes | TB scenarios with the heating power restricted
to arelatively narrow range around the previously reported power threshold for ITB formation
[11.1]. The database covers discharges within a wide range of toroidal magnetic field from
By=1.8T to B+=4 T with a particularly good statistics around B+=2.6 T. However, to make the
analysis tractable the number of pulses in the database has had to be limited by not including
pulses with power well above the threshold (this notably occursfor 2.6T pulses).

Theshot-listissummarisedin Table 1, which a so includes somerelevant plasmaparameters
and comments. First of all, some explanation is required concerning the procedure which has
been used toidentify if I TB was presented in the shot (seethe column I TB (Y/N)). Our conclusion
was based not on automated procedure of any kind but rather on some subj ective expert opinion.
To put it simply, we watched the time evolution of some characteristic plasma parameters, like
electron and/or ion temperature profile (measured by heterodyne radiometer KK3 and CX
spectroscopy).
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We conclude, that the ITB has been formed, if the distance between two neighbouring T,
or T; signalsrisesfaster that usually, so that aregion with strong temperature gradient devel ops.
It is worth mentioning however, that this method is quite sensitive and allows us to determine
the formation of even weak 1TB, which does not lead to a significant improvement in plasma
performance. In this sense, situation with the ITB threshold is similar to that of L-H transition-
weak L-H transition leadsto type |1l ELMs (and poor performance). Further increase in heating
power transforms type I11 into type | ELM with subsequent increase in performance.

We aso try to associate the ITB formation with the evolution of some other global
characteristics. Thisincludes:

. Energy confinement time rise (expressed in term of enhancement over ITER-97 scaling
low) above certain level (it should be noted however, that this level is not universal, but
rather dependant on plasma current);

. We also tried to construct some other global characteristics, which might be used as an
indicator of the ITB emergence. One possibility would be to use a ratio of the neutron
yield (TIN/RNT) over square of the plasma energy content (MG3/WPD). We call this

Ryt (neut/sec) .
300 o ()]
Generaly, Q> lindicates that discharge either got an ITB or develops an ELM-free H-
mode. Again, this parameter is not universal since it depends on the composition of the heating
power (NBI produces more neutrons than ICRH).
Some preliminary results of the database analysis are shown on the Figs.11.1-11.4.
First of all, onecan seefromtheFig.11.1,

parameter the discharge “quality”: Q =

ITB power threshold

that thereis aclear correlation between access =

power, which is necessary for the ITB sop s Yes ! o .

formation, and the toroidal magneticfield. Itis § 20: - Eg:z %SIITTBE;) /

worth mentioning here, that due to the T “[ =~ Pob.(POSSIBLY) 4!
correlation between toroidal field and plasma g 10; oo f e ! :
current we can not draw any conclusion on the I ® % coE g
relative importance of poloidal or toroidal ol .
magnetic field. ’ ' Torzoidal field ’ *

Figure 11.2 shows the correlation Fig.11.1: Correlation between access power, necessary
e deveopmen.of el T andtreloe 1% 2o o st o
of achieved enhancement in the energy gischargeswithout ITB)
confinement time. Again, we can clam that
thereisacorrelation between these two parameters, although this correlation isnot very clear in
some cases (particularly for the best-documented series of dischargeswith 2.6 T toroidal field).
We could a so concludethat the dischargeswith thetoroidal field withintherange 2.6T<B1<3.4T
only have good enough statistics (although there is not enough pulses without ITB in 3T range).

Discharges with Br=1.8T and 4T have very poor statistics.
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Enhancement Performance
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performance and | TB emergence (triangles- discharges  heating power for discharges with 2.6T toroidal field.
with ITB, circles- without I TB).

Thisuncertainty with enhancement factor H97 isfurther emphasised inthe Fig.11.3, where
H97 is plotted for the series of Br=2.6 T shots as a function of the heating power. We can
concludethat although generally dischargeswith higher power have better performance, heating
power iscertainly not the unique parameter, which controlsthe I TB formation. Second conclusion
Is that in many cases (particularly in discharges with modest level of the heating power) the
quality of the ITB is not very good. This results in the level of H97 comparable to that of the
good quality ELMy H-mode. In the sense, two transport barriers —internal ITB and edge ETB
compete with each other. Only one barrier usually survivesif thereisnot enough power and this
might be either of these two (or intermittently).

We also tried to find a correlation between I TB formation and previously defined plasma

Ryt (neut/sec)
300 o (3]
characterisation followsfrom thefact that beam-thermal reaction rate scaleslinearly with energy
content and thermal-thermal reaction rate scales as square of the thermal energy content. We
therefore might expect to maximise Q value in discharges with ITB, where thermal-thermal
reaction contribution is emphasised. The result of our study is shown on Fig.11.4 and is quite

quality parameter Q. The idea to use parameter Q = for plasma performance

disappointing- there is no correlation. 20
There are several reasons, which might SR :
. : 161 4 possiBLY . s
explain such a result. The one, which we | . :
already used previously, is that plasma gl-zj t s .
performanceiscomparableinwesk ITB plasma & ol s ;
and ELMy H-mode one. The second 5 o o

JG00.170/6¢

contributing factor isthat Fig.11.4 iscompiled .

from dischargeswith different heating schemes, 0 ! 2 s 4
ing f NBI heating to pure ICRH ool e m

rang_l g rom pure gtop Fig.11.4: Plasma quality as a function of toroidal

heating. Obviously thesetwo extremes produce  magnetic field in dischargeswith I TB (red triangles) and

very different level of beam-thermal reaction.  without ITB (bluecircles).
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It ispossible to clarify the relative role of RF and NBI power in the ITB development by

comparing plasma performance of a series of discharges with 2.6 T toroidal field. Figure 11.5
summarises this attempt and allows us to draw some conclusions (however very preliminary).

There is quite a few examples where ITB has been produced with NBI heating only
(indicated by the filled triangles at zero heating power in Fig.11.5);

There is no examples of ITB formation by pure ICRH heating (with a caveat that ICRH
power did not exceed P, < 8 MW in our experiments and “usual” level of NBI power
capable to trigger an ITB was about Py, > 10 MW);

Adding up of RF power apparently increases performance of dischargeswith ITB (possibly
due to the centrally peaked ICRH power deposition).

Thereisno clear correlation between relative proportion of the NBI power (theratio Pyg,/
Pro7) @d H97 (Fig.11.6);

Thereisan apparent necessity to continue experimentsaimed on clarification of therelative

role of RF and NBI power in the ITB formation.
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Fig.11.5: Plot showing separately the RF power (filled
symbols) and NBI power (open symbols), and whether
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Our next task wasto find out if magnetic configuration plays an important rolein the ITB
formation. Since our database has not been specifically prepared for this task, the only one
source of information about magnetic configuration, which we could use, isEFIT. Thisseriously
undermines our efforts since EFIT, if not supported by either M SE or polarimetry, generates not
very reliable g-profile, particularly near plasmacentre. Figure 11.7 indeed shows no correlation
between central g-value at the onset of plasmaheating and an I TB emergence. Situation changes,
however if we would discuss discharges with the limited heating power level of P, < 10 MW.
Figure 11.8 presents plasma performance as a function of g(0) value for a series of low power
plasmas. Contrary to the previous plot (Fig.11.7) thisfigure shows some correlation —the higher
isq(0), the higher is the probability to get an ITB while applying alimited power. Once again,
thisconclusionistentative and should be cross-checked inthe next campaign. Itisworth reminding
here that it was previously concluded by JET team [11.2] that it is easier to form the ITB being
close to g=2 surface.

11.3 Summary and future directions

An extended database of Optimised Shear plasmas with the heating power within the range,
where an emergence of the ITB is expected, has been created. A first attempt to find correlation
between different plasma parameters and an I TB appearance is reported.

In particular, it was demonstrated that ITB requires certain access power, which scales
roughly linearly with either toroidal or poloidal magnetic field. There is still no universal
procedure, which allows determining automatically an emergence of the ITB. CEA and ENEA
have recently reported some promising results using critical temperature gradient as a test for
the ITB formation.

Good quality ITB could be determined by a large increase in the confinement time
enhancement factor (H97>1.5). However, this method could not be applied in the situations of a
week I TB, which gives H97 comparable to those of ELMy H-mode.

An attempt has been madeto find out if method of additional heating (ICRH versusNBI in
JET) playsany rolein the I TB formation (this complementsresults, presented previously by Yu.
Baranov in chapter 10). However preliminary, our data indicate that NBI power is capable on
producing ITB on its own. ICRH, at least at its present level of Pgr <8-10 MW, needs some
assistance from the NBI. More dedi cated experiment should be done before arriving on any firm
conclusion about the prospects for strong I TB formation at large radius with ICRH aone.

Some limited attempt to find a correlation between an ITB emergence and magnetic
configuration has been done. Since EFIT constrained only by magnetics was the only available
tool for such large database, we use q(0) at the onset of strong heating as a figure of merit
parameter. Preliminary analysis shows that there might be a correlation between g(0) and the
ITB- thelarger isq(0), the higher isthe probability for I'TB to emerge. This correlation, however
disappears in discharges with the power level, significantly higher than the power threshold.
Once again, more dedicated experiments should be conducted in order to clarify thisissue.
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Table 1.

Pulse Description Bt (T)| Pngi | Picru | Pmax | ITB(Y/N) | Hg7max RNT/WTH?
46480 spring campaign 3.4 12 5 17 n 1 0.6
46481 spring campaign 3.4 13 7 20 n 1.2 0.7
46483 spring campaign 3.4 16 7 23 n 1.2 0.9
46828 ITB access power 2.6 1 7 n 1.4 0.4
46829 ITB access power 2.6 1 8 n 1.4 0.4
46836 ITB access power 2.6 1 8 n 1 0.3
46852 spring campaign 3.4 4 6 10 n 1.1 0.5
46853 spring campaign 3.4 6 6 12 n 1.2 0.5
46854 spring campaign 3.4 6 6 12 n 11 0.5
46855 spring campaign 3.4 4 5 9 n 1.1 0.5
46856 spring campaign 3.4 6 6 12 n 1.2 0.5
46859 spring campaign 3.4 3 6 9 n 11 0.4
46860 spring campaign 3.4 6 6 12 n 1.2 0.5
46861 spring campaign 3.4 6 6 12 n 1.2 0.5
46862 spring campaign 3.4 6 6 12 n 1.2 0.5
46863 spring campaign 3.4 6 6 12 n 1.2 0.5
46870 spring campaign 3.4 6 5 11 n - 0.5
46872 spring campaign 3.4 6 5 11 n 11 0.5
46873 spring campaign 3.4 6 5 11 n 1.2 0.5
46875 spring campaign 3.4 6 5 11 n 1.2 0.5
46876 spring campaign 3.4 6 6 12 n 11 0.7
46877 spring campaign 3.4 4 6 10 n 1.2 0.5
46880 spring campaign 3.4 4 6 10 n 1.2 0.5
46881 spring campaign 3.4 4 4 8 n 11 0.5
46882 spring campaign 3.4 4 5 9 n 1.1 0.4
46883 spring campaign 3.4 4 5 9 n 1 0.4
46884 spring campaign 3.4 4 5 9 n 1.1 0.4
46885 spring campaign 3.4 4 5 9 n 1.1 0.4
46886 spring campaign 3.4 4 5 9 n 11 0.4
46955 spring campaign 3.4 4 5 9 n 11 0.4
46993 spring campaign 3.4 12 6 18 n? - 0.8
46995 attemptat4 T 4 14 5 19 n? 1 13
46996 attemptat4 T 4 14 5 19 n 0.9 1.3
46997 attemptat4 T 4 14 5 19 n 0.9 1.3
46999 spring campaign 3.4 10 4 14 n 1.1 0.9
47000 spring campaign 3.4 8 6 14 n 1.2 0.6
47040 ITB access power 10 5 15 n 1.3 1
47074 with Ar 125 5 17.5 n? 1.3 1
47077 with Ar 7 6 13 n? 1.2 0.7
47147 spring campaign 3.4 7 6 13 ? 1.2 0.6
47161 spring campaign 3.4 12 6 18 n 1.2 0.8
47423 spring campaign 3.4 6 6 12 n 1.2 0.6
47612 rubbish 3.4

47635 ITB access power 2.6 10 3 13 n 1.1 0.9
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Pulse Description Bt (T)| Pngi | PicrH | Pmax | ITB(Y/N)| Ho7max RNT/WTH?
47645 ITB access power 2.6 9 5 14 ? 1.2 0.8
47665 ITB access power 2.6 8 5 13 n - 0.9
47668 ITB access power 2.6 8 5 13 n? - 11
47675 ITB access power 2.6 6.5 6 12.5 ? 1.3 1.2
47680 ITB access power 2.6 6.5 6 12.5 ? 1.3 1.3
47693 ITB access power 2.6 5 14 n 1.2 1.1
47712 ITB access power 2.6 9 5 14 n - 1
47845 main heating timing scan 1.8 8.5 4 125 n 1.1 1.2
47852 | RF power scan at fixed NBI power 1.8 8 - 8 n - 14
47853 RF power scan at fixed NBI power 1.8 8 3 11 n 1.2 1.4
47947 ITB access power 2.6 6 5 11 n 1.1 0.8
48105 ITB access power 2.6 5 2 n

48106 ITB access power 2.6 4 2 n

48146 ITB access power 2.6 5 2 n

48152 ITB access power 2.6 8 5 13 n 1.2 0.5
48154 ITB access power 2.6 8 5 13 n 11 0.5
48155 ITB access power 2.6 8 5 13 n 1.1 0.5
48156 ITB access power 2.6 8 5 13 n 1.1 0.5
48157 ITB access power 2.6 8 5 13 n 11 0.5
48158 ITB access power 2.6 8 5 13 n 1.1 0.5
48163 no KK3 2.6

48165 no KK3 2.6 5 5 10 ? 1.3 0.4
48171 no KK3 2.6

48222 no KK3 2.6 55 8.5 ? 1.2 0.3
48226 ELM free H-mode? 2.6 55 8.5 n 1.2 0.3
48228 ITB access power 2.6 8 5 13 n? 1.5 0.5
48636 disruption 2.6

48947 RF only 2.6 - 5.5 5.5 n

48979 ITB access power 2.6 10 4 14 ? 1.2 0.8
49014 NBI only 2.6 11 - 11 n 1 15
49018 ITB access power 2.6 6 3 n 1.5 1
49256 NBI only 2.6 5 - n 0.8 0.8
49330 NBI only 2.6 6 - n 0.8 0.9
49341 ITB access power 2.6 6 5 11 ? 1.1 0.5
49344 NBI only 2.6 6 - 6 n 0.8 1.9
49366 NBI only 2.6 8 - 8 n? 0.8 14
49367 NBI only 2.6 13.5 - 13.5 n 1.2 1.3
49370 NBI only 2.6 9 - 9 n 1 15
49398 ITB access power 2.6 9 55 13.5 n? 13 1.2
49425 ITB access power 2.6 6 4 10 ? 1 1.7
49426 autumn campaign 3.4 12 5 17 n? 1.1 0.7
49428 with Ar 3.4 17 6 23 n? 1.2 0.6
49434 with Ar 3.4 16 6 22 ? 1.2 0.8
49443 NBI only 2.6 12 - 12 n? 1 1.7
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Pulse Description Bt (T) | Pnei | Picru | Pmax | ITB(Y/N)| Ho7max RNT/WTH?
49447 NBI only 2.6 10 - 10 n? 1.1 1.6
49452 ITB access power 2.6 7 5 12 n? 1.35 1.2
49454 rubbish 2.6

49455 rubbish 2.6

49657 with Ar 34 16 7 23 n 1.2 0.7
49658 with Ar 34 17 8 25 y 1.35 0.8
49659 with Ar 3.4 18 7 25 ? 1.35 0.8
49664 with Ar 3.4 17 7 24 y 15 0.9
46488 spring campaign 34 18 5 23 y 1.7 1.3
46998 attemptat4 T 4 14 6 20 y 1 11
47011 spring campaign 34 8 6 14 y 1.2 0.8
47033 ITB access power 2.6 15 6 21 y 2 1.4
47034 ITB access power 3 15 5 20 ? 1.3 1
47039 ITB access power 3 15 5 20 y 1.7 13
47046 ITB access power 3 16 4 20 y 1.7 13
47047 with Ar 3 14 5 19 y 1.3 1
47048 with Ar 3 16 5 21 y 14 1.2
47049 with Ar 3 15 6 21 y? 14 1.2
47050 with Ar 3 16 6 22 y 1.5 1.2
47055 with Ar 3 16 6 22 y 1.6 1.3
47056 with Ar 3 16 6 22 y 14 11
47057 with Ar 3 15 6 21 y 15 11
47058 with Ar 3 16 6 22 y 1.6 1.2
47060 with Ar 3 14 6 20 y 1.7 1.2
47061 ITB access power 3 5 4 9 ? 1.3 0.5
47066 ITB access power 3 14 5 19 y 1.5 1.3
47067 with Ar 3 12.5 5 17.5 y 14 1
47068 with Ar 3 14 5 19 y 1.9 1.2
47069 with Ar 3 13 5 18 y 14 11
47070 with Ar 3 14 5 19 y 1.35 1.2
47073 no KK3 3 14 5 19 y 1.7 1.3
47078 with Ar 3 10 6 16 y? 1.25 0.8
47081 with Ar 3 14 6 20 y 15 1.2
47082 with Ar 3 14 6 20 ? 14

47083 with Ar 3 15 6 21 y 1.8

47084 with Ar 3 16 6 22 y 1.7 1.2
47087 with Ar 3 16 6 22 y 1.8 1.3
47091 with Ar 3 16 6 22 y 1.75 1.3
47093 with Ar 3 16 6 22 y 15 1.2
47094 with Ar 3 16 6 22 y 1.7 11
47095 with Ar 3 16 6 22 y? 1.7 11
47096 with Ar 3 16 6 22 y 1.7 11
47097 with Ar 3 16 7 23 1.8 1.2
47099 with Ar 3 7 21 y 14 0.9
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Pulse Description Bt (T)| Pngi | PicrH | Pmax | ITB(Y/N)| Ho7max RNT/WTH?
47100 with Ar 3 14 7 21 y 15 1
47101 with Ar 3 14 7 21 y 1.9 1
47102 with Ar 3 16 7 23 y 1.9 1
47103 with Ar 3 16 7 23 y 1.9 1.1
47104 with Ar 3 16 7 23 y 2 1.1
47109 with Ar 3 16 |7to0| 17 ? 14 0.9
47110 with Ar 3 14 7 21 y 14 1
47111 with Ar 3 16 7 23 y 1.6 1.1
47112 with Ar 3 16 7 23 y 1.6 1.1
47114 with Ar 3 16 7 23 y 1.8 1.1
47115 with Ar 3 15 7 22 y 17 1.1
47116 with Ar 3 16 7 23 y 1.6 11
47123 with Ar 3 16 7 23 y 1.75 1.1
47125 with Ar 3 14 4 18 y? 1.2
47130 with Ar 3 14 6 20 y 11
47167 spring campaign 3.4 7 6 13 n - 0.7
47168 with Ar 3 16 7 23 y 1.7 11
47169 with Ar 3 14 7 21 y 15 11
47170 with Ar 3 15 7 22 y 1.1
47177 with Ar 3 16 8 24 y 1.9 1
47178 with Ar 3 17 7 24 y 1.6 1.2
47179 with Ar 3 15 8 23 y 17 1
47184 with Ar 3 17 7 24 y 17 11
47185 with Ar 3 18 8 26 y 17 1
47186 with Ar 3 18 8 26 y 1.8 1
47187 with Ar 3 13 to9| 22 y 0.9
47188 with Ar 3 17 to9| 26 y 1
47189 with Ar 3 16 9 25 y 1.9 1
47190 with Ar 3 15 9 24 y 2 1
47191 with Ar 3 17 7 24 y 17 1
47192 with Ar 3 17 7 24 y 1.6 1
47196 with Ar 3 17 7 24 y 17 1
47229 with Ar 3 17 |7t09| 26 y 1.6 1
47319 spring campaign 3.4 12 6 18 y 1.2 0.9
47365 spring campaign 3.4 9 6 15 y 1.25 0.6
47392 spring campaign 3.4 6 8.5 14.5 y? 1.3 0.5
47617 ITB access power 2.6 9 5 14 y 1.4 1.2
47618 ITB access power 2.6 9 5 14 y 13 1
47624 ITB access power 2.6 9 5 14 y 1.4 1
47627 no kk3 2.6 9 5 14 ? 1.3 1.3
47630 ITB access power 2.6 9 5 14 ? 1.3 1.3
47634 ITB access power 2.6 10 5 15 y - 1.4
47647 ITB access power 2.6 11 5 16 y - 1.5
47652 ITB access power 2.6 8 4.5 12.5 Y 1.5 1.4

103



Pulse Description Bt (T)| Pnei | Picru | Pmax | ITB(Y/N)| Ho7max RNT/WTH?
47662 ITB access power 2.6 8 4.5 12.5 y 1.6 1.5
47663 ITB access power 26 |08-Jan| 6.5 14.5 ? - 1.3
47664 ITB access power 2.6 8 13 y? - 1.2
47669 ITB access power 2.6 8 14 y 1.6 1.5
47670 ITB access power 2.6 8 6 14 ? 1.4 1.3
47671 ITB access power 2.6 11 3.5 14.5 ? 1.4 13
47674 ITB access power 2.6 6.5 6 125 y 15 1.4
47714 ITB access power 2.6 10 4 14 y 1.5 1.2
47720 ITB access power 2.6 10 4 14 y 1.3 1.2
47840 ITB access power 2.6 9 5 14 y 1.6 13
47841 main heating timing scan 1.8 10 4 14 y - 1.2
47842 main heating timing scan 1.8 11 3.5 145 ? 1.25 1.2
47843 main heating timing scan 1.8 11 3.5 14.5 ? - 1.3
47844 late barrier 1.8 11 3.5 145 y 1.2 1.2
47846 late barrier 1.8 10 4 14 y 1.25 1.2
47847 late barrier 1.8 10 4 14 y 1.1 11
47848 main heating timing scan 1.8 11 1 15 y 1.3 1.25
47849 reduced RF power 1.8 11 - 11 y 1.25 1.6
47851 reduced RF power 1.8 11 - 11 y 1.25 1.6
47854 | RF power scan at fixed NBI power 1.8 8 4 12 y 11 11
47857 | RF power scan at fixed NBI power 1.8 8 6 14 y 1.15 1.2
47927 ITB access power 2.6 9 5 14 y 1.3 0.9
47930 ITB access power 2.6 9 5 14 y 13 11
47933 ITB access power 2.6 9 5 14 y 1.6 11
47934 ITB access power 2.6 8 5 13 y 1.7 1.3
47940 ITB access power 2.6 8 5 13 y 1.6 1.3
47948 very small barrier 2.6 8 6 14 y 1.2

47949 ITB access power 2.6 8 6 14 ? 1.3

47960 very small barrier 2.6 8 6 14 y 1.4 1.1
47962 ITB access power 2.6 7 5 12 ? 1.3 0.9
47963 short lived barrier (possibly) 2.6 6.5 4.5 11 ? 1.3 0.9
47964 small barrier 2.6 6.5 4.5 11 y 1.35 1
48104 small barrier 2.6 6.5 4.5 11 y 1.3 0.8
48160 ITB access power 2.6 9 5 14 y? 1.15 0.5
48173 no KKE 2.6 11 25 135 y 1.2 0.6
48184 no KK3 2.6 8 5 13 y 14 0.5
48185 no KK3 2.6 8 5 13 y? 1.3 0.5
48198 no KK3 2.6 8 5 13 y? 13 0.5
48205 no KK3 2.6 7 5 12 y? 13 0.4
48218 no KK3 2.6 8 5 13 y? 1.3 0.6
48234 small, late barrier 2.6 9 5 14 y 1.3 0.6
48238 NBI step down 2.6 9 5 14 y 1.3 0.6
48951 ITB access power 2.6 9 4 13 y 1.3 1
49019 ITB access power 2.6 8 5 13 y 1.7 1.1
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Pulse Description Bt (M) | Pnei | PicrA| Pmax | ITB(Y/N) | Ho7max RNT/WTH?
49020 small ITB 2.6 10 35 13.5 y? 14 1.3
49022 ITB access power 2.6 5 5 10 ? 1.5 0.8
49189 ITB access power 2.6 6 5 11 y? 15 1
49194 NBI only 2.6 8 - 8 ? 15

49203 NBI only 2.6 10 - 10 ? 1.6 1.8
49255 NBI only 2.6 13.5 - 13.5 y 1.15 15
49368 NBI only 2.6 12 - 12 y 1.15 1.6
49402 pure RF preheat 2.6 5 y? 1.3 1
49411 pure RF preheat 2.6 5 ? 1.3 1
49435 with Ar 3.4 17 8 25 y 1.3 0.8
49436 with Ar 3.4 16 7 23 y 1.6 0.8
49437 with Ar 3.4 17 8 25 y 17 0.8
49441 with Ar 3.4 14 8 22 y? 1.3 0.8
49442 with Ar 3.4 17 8 25 y 14 0.8
49444 NBI only 2.6 12 - 12 y? 1.15 1.6
49445 NBI only 2.6 10 - 10 y? 1.1 1.6
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12. TASK FORCE C ITER DATABASE ENTRIES
Y.Baranov', G Cottrell* and V Parail*

JET Joint Undertaking, Abingdon, Oxon, OX14 3DB, UK
! EURATOM/UKAEA Fusion Association, Culham Science Centre, Abingdon, UK

From data acquired during Task Force B/C experiments two types of ITER database entry have
been made:-

. Into the global confinement database for the ITER confinement shape scan experiments
. Into the ITER profile database for arange of types of Optimised Shear discharges

12.1 Global confinement database entries

Inclusion of pulsesin the confinement database requires the selection of stable pulses showing
steady confinement, typically for at |east two energy confinement times. The*good” timewindows
are then marked by physicists and datais then read in, through an automated procedure, before
being validated by the physicists. From the ITER shaping confinement experiment 47 pulses
have been included using this procedure. These are all ELMy H-mode discharges and provide
valuable ITER relevant information, especially in terms of shaping and elongation. The pulses
arelisted in Table 12.1

Table 12.1: Pulsesincluded into the ITER Global Confinement Database

49126 49128 49129 49130 49131 49133 49134 49136
49137 49138 49139 49140 49144 49145 49146 49147
49149 49151 49152 49153 49154 49156 49157 49159
49160 49161 49164 49165 49166 49167 49168 49169
49170 49172 49173 49180 49181 49182 49185 49186
49573 49581 49582 49583 49591 49592 49596

12.2 Profile database entries

A rangeof different typesof Optimised Shear discharges have been entered into the ITER profile
database. These pulses are listed in Table 12.2 and described in the accompanying notes.

Table 12.2 Plasma parameters of pulses entered into the ITER Profile Database

Pulse |G BT IS I reneat? | seading?
I:)NB, max PRF, max IDLH, max

47413 3.5 3.45 18.7 11.7 0 Only bd* Yes

46695 2.7 2.5-2.7 15.7 5.9 0.7 No Yes

49197 2.3 2.6 154 0 0 No No

49651 2.2 2.6 12.5 4.8 0 Yes No

* LHCD applied briefly at the time of the plasma initiation, but not during the whole current ramp-up phase.
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General remarks

The data used for the ITER Database entries is taken from simulations performed using the
TRANSP code [12.1]. The electron density profiles are measured using the LIDAR Thomson
scattering diagnostic, for which the spatial resolution (=12cm) istypically unable to resolve the
steep density gradients produced by transport barriers. Theion and el ectron temperature profiles
have typically been measured using charge-exchange recombination spectroscopy and ECE
emission measurements using a heterodyne radiometer, respectively. It should be noted that the
modification of the NBI induced fast ion distribution by ICRH isnot modelled inthese ssimulations.

Pulse number 47413 (TRANSP id number 608S)

This pulse achieved high fusion performance for =1 second in roughly steady conditions. The
ITB wasfairly broad and weak, which avoided the pressure driven disruptive limit and allowed
relatively high By to be maintained. The plasma exhibited small ELMs throughout the high
power phase, which were controlled using argon seeding. The ion temperature profile used in
the simulation has been determined using the standard multi-Gaussian fit technique that isknown
to lead to an overestimate when argon is present in the plasma (see section 13). In this situation
the Z-effective profile cannot be determined accurately using charge-exchange recombination
spectroscopy. The shape has been assumed and the magnitude normalised to the line averaged
value measured using visible bremsstrahlung radiation. The initial g-profile was taken from an
EFIT [12.2, 12.3] equilibrium reconstruction using magnetics dataonly at atime 2 seconds after
the plasmainitiation. After thistimethe current penetration was simulated assuming neo-classica
plasma conductivity.

Pulse number 46695 (TRANSP id number 911P)

Thispulseachieved high 3y with high power heating and reduced toroidal magnetic field strength.
The magnetic field was increased in a slow ramp towards the end of the high power heating
phase, which led to a shift in the radial coverage of the ECE measurements usually used for
electron temperature determination. As a result the lower spatial resolution LIDAR Thomson
scattering data was used in the simulation of this pulse. Again the ELM activity was controlled
using argon seeding with the same effect on the ion temperature and Z-effective measurements
asfor thepreviouspulse. Theinitial g-profilewastaken froman EFIT equilibrium reconstruction
using magnetics data only at a time 2 seconds after the plasma initiation. After this time the
current penetration was simulated assuming neo-classical plasma conductivity.

Pulse number 49197 (TRANSP id number 4052)

This pulse used only NBI heating to form a‘strong’ ITB. The fusion performance of the plasma
continued to increase during the high power heating phase until it wasterminated by adisruption,
presumably due to a pressure driven MHD mode. In this case argon seeding was not used.
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Nevertheless, the Zy; profile was constructed asfor the previous pul ses. After comparison of the
electron temperature measurements, from the LIDAR Thomson scattering and ECE heterodyne
radiometer, it was decided to use the higher resol ution ECE dataincreased everywhere by 250eV.
The initial g-profile was taken from an EFIT equilibrium reconstruction using magnetics data
only at atime 2 seconds after the plasma initiation. After this time the current penetration was
simulated assuming neo-classical plasma conductivity.

Pulse number 49651 (final TRANSP id number ABJ6)

This pulse had an LHCD prelude to modify the target g-profile for main heating (see section 8).
In order to provide a meaningful simulation the TRANSP run was started just before the main
heating phase with a g-profile determined with EFIT constrained using motional Stark effect
data. After this time the current penetration was simulated assuming neo-classical plasma
conductivity.
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13. ION TEMPERATURE VALIDATION IN THE PRESENCE OF ARGON
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13.1 Overview

When Argon isintroduced into optimised shear dischargesfor edge control, the spectra obtained
from charge-exchange spectroscopy (CXS) become polluted by several features due to the
emission of low ionisation stages of Argon in the plasma edge (see Fig.13.1). From the point of
view of the experiment, radiation is used to cool the edge, and the spectral lines are a by-product
of the desired result. From the point of view of ion temperature measurements on Carbon, the
task becomes more difficult.

Be‘+1 I‘Ar+5 (‘:+2 (‘:+1 Be‘+1 ‘Ar+5 C‘:+2
3.0F JET-Pulse No: 47413 JET-Pulse No: 47413
t =8.60 sec . t=8.60 sec
R=3.25m R=3.25m

A (n = 16-15)

c®((n=8-7)

1011 ph/cm2sr

_ 0
S 02 0.2
i 0 0 —
(%]
& -0.2 | | -0.2 | \ \ !
526 528 530 532 524 526 528 530
A (nm) A (nm)

Fig.13.1: Charge exchange spectra with Argon edge emission superimposed (from[13.1]).

We have previously devel oped an analysis technique that attempts to represent the Argon
spectra by several Gauss profiles, and thus infer temperature and rotation from the underlying
Carbon features[13.1]. Theresultsfrom thistechniquefail the data validation, which isdone by
comparing results from two instruments (K S5A with PPFs called CXSM and KS5B with PPFs
called CXDM) obtained at the same major radius (see Fig.13.2). The difference between the
instrumentsisthe direction of the Doppler shift. This causesthe Carbon featureto interfere with
different spectral linesfromArgon on both instruments. Thisleadsto different systematic errors.
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During the 1999 autumn campaign, we performed severa experimentswith notched neutral
beam waveforms. During the notch, active charge-exchange features are missing from the spectra,
and we can separately measure the passive background emission. The CX spectrataken after the
neutral beam power is re-applied are then analysed after first subtracting the passive spectra
from the total. In the ideal case, this leaves just the active component. In redlity, the edge
components vary with time, and what is actually achieved is an improvement in signal-to-noise
ratio that persistsfor afew 100 msec. Thistechnique assumesthat the ITBsand ion temperature
profileis not significantly affected by the notch.

4 Carbon and Argon A

Single fibre link

CCD
cameras

splitter

Helium and
Beryllium

Carbon and
T IR Argon

Helium and
Beryllium

I R Carbon

Heated multiple
fibre links Biological

shield
CCD Cameras

Fig.13.2: Layout of the CXSinstruments on JET (from[13.1]).

Dueto the viewing direction, the Carbon features appear with positive or negative Doppler
shift inthetwo spectra. Thisleadsto different systematic errorsin theanaysisfor both instruments.

13.2 Results

The CXSinstruments are aligned to Pini 6& 7 of the Oct. 8 beams. The power supplieson Oct.8
arearranged in such away that if Pini 6isnotched, soisPini 5, andif Pini 7 isnotched, soisPini
8. Therefore, in each notch, half the power from Oct. 8 is removed from the plasma. To minise
the impact, we chose a 100 msec notch time, and aligned it to ~1 msec accuracy to the data
acquisition of the CXS systems. Two CX S spectra of 50 msec each are taken during the notch.
The best results were obtained in the one discharge where we applied more power from
the Oct. 4 beams during the notch (See Figs.13.3 and 13.4). For most experiments, thisishowever
not an option, and all other notch experiments were performed without power compensation.
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Fig.13.3: Time history of NBI waveform and its effect
on the plasma for #49021. In this discharge, the Oct. 4
power was increased during the time of the notch to
maintain constant total input power.
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Fig.13.4: Ion temperature and toroidal rotation
comparing theresult fromthe Multi-Gaussfitting method
with the notch method for #49021. The location of the
transport barrier from CXSM (Multi-Gauss) is
confirmed, but the central temperature is reduced
significantly. The location of the transport barrier from
CXDM (Multi-Gauss) is modified.

Thereisno general result that could be used to correct all ion temperature measurements.
This applies both to the location of the transport barrier and the central temperature. It is
worthwhile noting that all methods are in good agreement for edge temperature and rotation (10

cm inside the LCFS).

Theremainder of this section summarisesall the discharges where thistechnique has been
successfully applied. In each caseit is hecessary to examine the plasmabehaviour following the
notch to insure that the background spectra taken are still representative. Generally, the results
from the two instruments start to diverge again a few 100 msec after the notch. The radial
profiles shown are the average temperature and rotation during the time window where the

notch method is successful.
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Fig.13.5: Time history of NBI waveform and its effect
ontheplasmafor #49407. In thisdischarge we attempted
to provide several measurements by multiple beam
notches, without compensation of the total power from
Oct. 4. The performance of the plasma suffers, and only
the first two notches actually provide useful CXSdata.
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Fig.13.7: Results for the second notch in #49407. All
profiles show only a weak transport barrier. The central
temperature from CXSM (Multi-Gauss) is reduced
significantly.
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JET-Pulse N0.49407, t = [4.84, 5.09]
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Fig.13.6: lon temperature and toroidal rotation
comparing theresult fromthe Multi-Gaussfitting method
with the notch method for thefirst notch in #49407. The
location of thetransport barrier and central temperature
from CXSM (Multi-Gauss) is confirmed. Thelocation of
the transport barrier from CXDM (Multi-Gauss) is
modified.
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Fig.13.8: Time history of NBI waveform and its effect
on the plasma for #49421. This discharge also has a
Neon prefill and gas puff (unfortunately after the loss of
the ITB) for impurity transport studies (see chapter 7).
In this discharge, we attempted to provide several
measurements by multiple beam notches, without
compensation of the total power from Oct.4. All three
notches before the ELM free period at t=6.2 have been
analysed.



JET-Pulse N0.49421, t = [4.54, 4.69]
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Fig.13.9: lon temperature and toroidal rotation
comparing theresult fromthe Multi-Gaussfitting method
with the notch method for the first notch in #49421. In
this case, the Multi-Gauss method underestimates
dlightly the temperaturefor both instruments. All results
are however very similar, probably because of the
presence of Neon. This provides one more spectral line
with the correct temperature information for the Multi-
Gauss method, which means that the fit is better
constrained.
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Fig.13.11: Resultsfor the third notch in #49421.
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Fig.13.10: Results for the second notch in #49421. At
thistime, the Neon density is lower that during the first
notch, and the benefit of the extra spectral line is no
longer apparent.
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Fig.13.12: Time history of NBI waveform and its effect
on the plasma for #49623. Thereisno compensation for
total input power from Oct. 4.
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JET-Pulse N0.49623, t = [7.36, 7.41]
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Fig.13.13: lon temperature and toroidal rotation
comparing theresult fromthe Multi-Gaussfitting method
with the notch method for #49623. No clear transport
barrier is seen in any of the Ti results, though thereisa
clear transport barrier in the electron temperature with
an outer footpoint at 3.68m extending into 3.48m (where
it is probably limited by a tearing mode).
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Fig.13.14: Time history of NBI waveform and its effect
on the plasma for #49664. The effect of the edge control
on performance begins to be noticeable first after the
notch, and therefore the background spectra taken during
the notch are not a good representation of what happens
thereafter.
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Fig.13.15: lon temperature and toroidal rotation
comparing the result from the Multi-Gaussfitting method
with the notch method for #49664. The results of the notch
method do not agree well either, both with respect to the
location of the transport barrier and the actual central

temperature.
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13.3 Summary and future directions

For the time being, notched Oct. 8 neutral beam waveforms are the only technique by which we
can obtain validated CXS data in the presence of Argon. It is somewhat disconcerting that the
best results are obtained, if the Oct. 4 waveform compensates for the loss of power in Oct.8.
This puts a severe restriction on the total available power, and is thus impractical.

We are proceeding to devel op the analysi s techniques based on descriptive analysis of the
combined spectra. The NBI notch experiments described in thisreport, and any such experiments
in the future, will provide a benchmark to validate this technique.

13.4 Shot List

Successful notch experiments have been performed for 49021, 40407 (two notches), 49421
(three notches), 49623 and 49664.
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14.1 Overview

This section describes the results obtained from EFIT magnetic equilibrium reconstructions
using magnetics and M SE data as constraints. Thework involvesthe completion of the calibration
of the diagnostic and consistency checks between M SE, polarimetry, magnetics, ECE and soft
X-ray data, particularly in caseswherelocal values of g are suggested by MHD observations. In
the majority of cases there is good agreement between the q profiles obtained using MSE data
and these other signatures, the exceptions are recorded in the report and suggest future avenues
of work. The calibration has been successfully applied to the analysis of the 2.6 T timing scan
data, to the high performance shot 47414 and shots from a wider range of Optimised Shear
experiments. Inclusion of the radial electric field has been applied in acase with strong toroidal
rotation with only a modest effect (<20%) on the derived q profile. While this appears to be a
general result there are some instances where the plasma E, can be significant. For one case the
radia profile of E, and the shearing rate from the MSE and charge exchange data have been
derived, yielding a peak value of 5x10° s™. The scale length for the E, shear is equal to or less
than the 5 cm chord spacing of the M SE measurements.

14.2 Results

The calibration of the M SE diagnostic has two elements to it: the response of the instrument to
different polarisation states of the input light and the definition of the zero angle of the input
polarisation. The action of the optical elements in the instrument is described by a series of
matrices (Mueller matricies) and the partially polarised input light by a four element Stokes
vector. The response of the polarimeter itself can also be expressed as a matrix that operates on
aStokesvector toyield four voltage signal sthat comprise the polarimeter outputs. The calibration
of the entireinstrument response invol vesthe eval uation of anumber of parametersin the matrix
coefficients, the optical train including the polarimeter can then be expressed as asingle matrix.
Theinterpretation of the polarimeter signalsisthen achieved by multiplying the output voltages
by the inverse of this response matrix. The result of this analysis gives not only the angle of
linear polarisation of the input light, but also the overall linear and circular polarised fractions.
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This analysis is necessary since the Stark emission is observed to have a circular polarised
component (due to the presence of crossed E and B fields) which must be distinguished. In
principle, there should also be an advantage when the input light is only weakly polarised, as
would occur at high plasma density (although this regime, only achieved with pellet injection,
has not been studied in the present work). The instrument response was measured for all angles
of linear polarised light in a laboratory set-up. The parameters in the response matrix were
determined from a least squares fit to the measurements. With the instrument mounted on JET
and operating at elevated temperature the parameters were modifed using features of the Stark
emission spectrum.

Aswith all M SE diagnostics, the accuracy of the measurementsislimited by the accuracy
with which the zero angle of the instrument can be ascertained. Several techniques were
investigated with the most reliable results obtained from firing aneutral injector into agas-filled
torus. These calibration shots were done during both the Spring and the Autumn campaigns of
1999. However, for the calibration shots of the Spring campaign the instrument was tuned for
the sigma components of the Stark emission (to maximise intensity from the anticipated weak
signals) whilein the Autumn, since the signal strength was found to be adequate, shotswere run
with both sigmaand pi tuning. Since pi tuning isused for the plasmameasurementsthe calibration
data taken in the Autumn are more directly applicable and, in fact, these measurements have
been used without modification in the analysis of datafrom the Autumn campaign. Thecalibration
data from the Spring campaign appear to need some modification in order to obtain a match
between the g-profiles obtained and MHD signatures (2/1 modes at g=2 and sawteeth at g=1)
encountered during the ITB timing scan. It is probable that the need for this modification arises
from the use of sigmatuning in the calibration shots of the Spring and achangeto the diagnostic
response during work carried out in the intervening shutdown.

Shots Analysed

Over fifty shots have so far been analysed and these are listed in section 14.4 below. A public
PPF has been established, EFTM (EFIT with MSE constraints), to allow for easier accessto the
analysed data. Most of the processed shots have been rewritten into this PPF, and in future the
validated analysis resultswill be written to this location. The PPF isthe standard EFIT one, but
the EFIT runs include the MSE data as constraints. The PPF generally also contains Faraday
rotation data (from the KG4 diagnostic) together with EFIT predictions for these measurements
to alow comparisonsto be made, although the EFIT analyses do not include these measurements
as constraints.

The results of the timing scan analysis provide an interesting comparison with the results
of theintershot and magnetics-only EFIT runs. Theintershot EFIT runsare made with relatively
rigid regularising constraints on the profiles of ff' and p’ (where p is pressure and f the flux
function related to poloidal current), yielding stable solutions in nearly all plasmas, but |eading
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As discussed in the previous section, the EFIT mtershot (b), which has additional regularising
constraints.

calibration of the MSE measurements for the

Spring campaign (when the timing scan data was taken) is based on beam into gas shots done
later in the year. An apparent (small) change between these two campaigns requires that the
diagnostic is calibrated separately for the Spring campaign. This has been done such that the g-
profiles in the timing scan match observations of MHD features, in particular for a shot with
core 2/1 MHD activity and for a shot which begins to sawtooth during the heating pulse.

In general the equilibrium reconstructions examined in this work do not include pressure
profile information in the constraints. Without this information the fitted pressure profile is
rather sensitive to the accuracy of the M SE measurements. However, for two cases (47414 and
47620 the effect of including the TRANSP pressure profile as an extra constraint has been
examined. With the pressureincluded the changeto the equilibrium was small (~20%), confirming
the validity of the MSE data. In general the pressure profile obtained from equilibrium
reconstructions based on M SE data (without additional pressure profile constraints) isparticularly
sensitive to the location of the magnetic axis, which is determined by the zero-crossing of the
MSE pitch angle profile.

Comparison Between MSE and Polarimetry

Where possible, the results of EFIT constrained by MSE data have been compared to other
indicators of the equilibrium. MHD observations are the most direct indicators of features of the
g-profile, and their radial location can often be determined with reference to ECE or soft X-ray
measurements (see sections 2 and 4). The computed radial position of the plasmamagnetic axis
IS sensitive to the MSE data and its position can be checked against ECE or soft X-ray
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measurements. In one case (below), the presence of energetic particle modes provides support
for shear reversal, while the TAE spectrum yields information about the g-profile.

The results obtained from EFIT constrained by M SE measurements were compared with
thosefrom EFIT constrained by polarimetry for a specific test case (shot 49651, from asequence
of Optimised Shear LHCD pre-heated discharges). A summary of the results is shown in
table 14.1, and corresponding g-profilesin fig.14.2. In this case thereis good agreement between
the two sets of g-profiles. The g-profiles do not change significantly depending on which
diagnostics are include in the constraints; each set of measurements (MSE or polarimetry)
constrains the reconstruction to give similar results. (There are no regularisation constraintsin
these tests.) Several other discharges have been analysed using either polarimetry or MSE
measurements and the agreement seems to be a general result.

Table 14.1: Fitting errors (x°) against magnetics, MSE and polarimetry measurements with different polynomical

orders for ff’ and p’, and different sets of constraints included in the equilibrium reconstructions (Shot 49651,
4.26s).

MAG+ MAG+ , , 2 2 2 _
MSE FAR FF P X MAG X MsE X FAR Amin do
v 3 2 23 10.7 2.77 2.85
3 2 25 12.1 12.6 2.75 2.95
v 3 2 26 12.3 12.0 2.79 2.99
v 4 3 22 9.1 2.45 3.45
4 3 21 10.7 15.7 2.57 2.75
v 4 3 26 11.0 12.7 2.80 2.80
5 Pulse No: 49651 4.26s 6 PulseNo: 49382 4.4s
57
4,
o 3
2 3,1 tearing mode q'<0
— Far_32 2
***** Far_43
—— MSE_32
I — MSE_43 Far 32
—-— MSE_32 . 1 —raras
== MSE_43 g — MSE_43 g
0 5 4 05 3 i

Fig.14.2: g-profiles obtained from EFIT when using
different polynomical ordersfor ff’ and p’, and different
sets of internal constraints (MSE or polarimetry,
separately or combined).
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However, a particular discharge has been identified (49382, Optimised Shear with LH
pre-heat) that shows large differences in the reconstructed g-profiles dependent on which
diagnostic set is used in the constraints. The conficting g-profiles are shown in fig.14.3, where
the M SE reconstructions indicate strong shear reversal in the plasma centre which isnot seenin

the polarimetry constrained equilibria.

Such strong shear reversal is atypical of
JET, however, thereisgood evidence that such
ag-profileiscorrect, at least in someimportant
respects: An m/n=3/1 tearing mode has been
identified, from correlation with ECE T,
profiles, thisislocated at R=3.35 m, while the
phase of the correlation indicates that thisisa
region of reversed magnetic shear. The
occurence of ‘chirping’ in the fast magnetics
data (fig.14.4) is explained by the presence of
energetic particle modes (EPMs) associated
with reversed shear. This evidence is all
consistent with the MSE data. Even taken on
their own, the MHD observations would
strongly constrain the admissable g-profiles.
Analysis of the TAE spectrum is broadly
consistent with the MSE data and these other
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Fig.14.4: Spectrogramof magneticsfluctuation data. The
presence of energetic particle modesthat ‘ chirp’ upwards
in frequency is indicative of reversed magnetic shear.
Assuming that these modes saturate at the TAE frequency,
the inferred features of the g-profile are broadly

. . consistent with the MSE resultsin figure 14.3.
observations but disagrees somewhat over the g

radius of the two g=3 surfaces.

In an attempt to find the reason for the difference between the M SE and the polarimetry
results, in this case, a number of ideas have been explored but so far these do not offer an
explanation: The density inversion used in the calculation of the polarimetry signalsisconsistent
with LIDAR measurements and the equilibrium solution with the polarimetry constraints seems
to be unique (ie the equilibrium obtained from MSE does not predict the correct polarimetry
signals). While the reasons for this discrepency remain unresolved the results from future
campaigns will be continuously monitored for similar occurences.

Plasma Electric Field Correction and Measurements

TRANSP calculations for shot 47414 (a high performance discharge without pini 7 from octant
4 which otherwise invalidates the M SE measurements) show that the plasma E;, deduced from
the radial force balance equation,

P
E, =——-V4B, +V;Bg,
" Thez 99 TP
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is dominated by toroidal rotation, figure 14.5. 100 Shot47414  6.4s
For thisdischarge, the use of argon seeding and
the failure of one spectrometer makes the
charge exchange data on which the TRANSP
calculationinnacurate, however, thisisunlikely
to affect this general conclusion. There is no
measurement of poloidal velocity on JET so
this term in the force balance equation is
obtained from a neoclassial calculation. (The
contribution from thisterm is small (10-20%)
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accuracy of the calculated ¥, isnot crucial to 3.0 35 3.

the E; va ue.) Fig.14.5: Components of plasma E, as calculated using
MSE measurements are affected by the  TRANSP with charge exchange data for T, and V. Vg

plasmafield [14.1] and can be calculated for a is assumed to be neoclassical. Toroidal rotation is seen
. to be the dominant term.
particular M SE geometry,

cosQ

Atany,, = ——
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When this effect is included in the analysis for this shot, the modification to the g-profile
is modest (6% on axis and < 20% peak correction); the shots listed in section 14.4 are not
corrected for the plasma E,. Many of the g-profiles are evaluated at the start of the heating pulse
when the injected torque is low and the plasma has not had sufficient time to reach a large
rotation speed. In these cases the correction due to the plasmaE; is likely to be negligable.

There are, however, examples of shots where the radial electric field plays a significant
role. Figure 14.6 shows the time evolution of M SE pitch angle measurements for a selection of
radial channels for shot 47432. At 5.85 s, coincident with the barrier formation a change in
gradient inthe signal at 3.36 mis seen. Thisfeature affects successive channelswith increasing
radius out to 3.55 m until the heating power is stepped down at 6.15 s, after which the feature
(although less distinct) shrinksin radius. At times near the peak of the neutron rate aclear stepis
visiblein theradial profile of M SE pitch angles, the appearance of the featureinthetimeplot is
associated with the step crossing an individual channel.

Thelocation and magnitude of the step in the pitch angles are an exact match to the step in
the toroidal rotation profile measured with charge exchange, fig.14.7, both measurements
corresponding to a changein E; across the step, at 3.4 m, of 90 kV. m™.
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5 Shot 47432
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Fig.14.6: Time dependence of the MSE measured
polarisation angles for a selection of channels showing
the development of a perturbation in the angles that
expandsin radius asthe transport barrier evolves, shot
47432. (Thelargetransientsat 5.6 sand 6.2 saredueto
switching of different PINIsin the heating beams.)

The effect of E, on the MSE
measurements cannot be directly compensated
using the charge exchange datasince the spatial
grid of the charge exchange diagnostic is
coarser than that of the MSE. The charge
exchange measurements can, however, be used
to compensate the M SE data for the plasmaE;
wherever theradial profileissmoothly varying.
This has been done (assuming that toroidal
rotation is the only contributor to E;) and then
theresults applied to EFIT, with channels near
the step in E, removed from the fit. The
difference between the resulting zero-field
predictions and the uncorrected MSE
measurements (fig.14.8) yields the profile of
plasmakE;. Away from the E; step the profileis
determined by the charge exchange data, near
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Fig.14.7: Radial profiles of MSE measured polarisation
angles for three times during the discharge shown in
fig.14.6. The step in the MSE angle profile coincides
with the step in toroidal rotation measured with charge
exchange. The magnitude of each step change is
consistent with a change in radial electric field of 90
kv
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Fig.14.8: Calculations of the plasma E, derived from
MSE and charge exchange measurements. The coarser
grid charge exchange data is first used to correct the
MSE measurements, then the deviations fromthe result-
ing smooth profilesyield the details of the E, profile near
the step in the MSE angle at 3.5 m.
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the step by the MSE data. This hybrid measurement gives a higher resolution measurement of
the scale length for E, and hence the E x Bshearing rate [14.2],

B8 "B orbRB, H

Whilethe measurements demonstrate that the scalelength of velocity shear issmaller than
the 10 cm chord separation of the charge exchange diagnostic, it is also possible that the scale
length is smaller than the 5 cm chord spacing of the MSE measurements, since E, changes
within one channel width. Thusthe shearing rates cal culated are lower boundsfor this parameter.

The discharge displayed a ‘snake’ instability at 6.3 sat 3.5 m. Thislocation isjust at the
foot of the ion temperature barrier, and in the low E, shear region at the foot of the E, step.
However, the g-profile cal culated with M SE data shows g approaching 1.0 at the snakelocation,
not g=2 as the mode numbers of the snake would indicate it should be. The reason for this
discrepancy is not understood.

Thedatain fig.14.6 has been smoothed significantly in the time coordinate for the purposes
of illustration, but examination of the unsmoothed data hasyet to reveal evidence of afast, large
amplitude transient in E, at the barrier formation, such as has been observed in TFTR [14.3].

14.3 Summary and future directions

The M SE diagnostic was built with the overriding aim of understanding the rel ationship between
the g-profile and the occurrence of an internal transport barrier. Much has been learned so far
from the M SE measurements but further measurements and analyses are necessary to elucidate
this relationship. Recent measurements have been hampered by the clouding of the optics of the
diagnostic, these have now been replaced and we anticipate better quality datain the future. The
ultimate accuracy will belimited by the accuracy with which the zero point of the measurements
can be obtained. So far, firing neutral beamsinto agasfilled torus has proved the best method of
calibration this parameter. However, attempts have been madein the past to use other techniques,
but theinterpretation of the measurements has proved challenging. Advancesin our understanding
of the response of the diagnostic may mean that we are able to revisit these other techniques,
with the prospect of obtaining more reliable measurements of the zero point.

The importance of the plasmaradial electric field is twofold. In the first instance it is a
nuisance parameter for the measurement of the g-profile with M SE data and must be measured
in order to correctly interpret the pitch angle information. On the other hand, therole of E, shear
in turbulence stabilisation makesit a highly relevant parameter to measure inits own right. The
two techniques most applicable to JET for the measurement of E, are using the radial force
balance for carbon where the components of the equation are measured using charge exchange
spectroscopy (but there are severe difficulties with the measurement of poloida velocity) and
measurement using the MSE technique. The most sensitive way of obtaining Er from MSE
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measurementsis to construct a new diagnostic viewing a new neutral heating beam that injects
in the opposed toroidal sense to the existing beams.

The analysis of discharges, such as the one discussed in this report, where strong E, shear
developsisaclear areafor further interesting study. The time evolution of E, from the M SE and
charge exchange measurementsis of topical interest, in particular to compare the shearing rates
obtained with the instability growth rates [14.4]. A critical comparison with discharges that
develop atransport barrier without such strong E, shear isindicated.

Finally, there are modifications required to the M SE diagnostic, neutral beam parameters
and analysis technigues to try to improve the measurements, in particular the discrimination
against, and interpretation of, signals from different PINIS in the injector.

14.4 Shot List

Table 14.2: List of shots analysed for magnetic equilibrium using EFIT with MSE constraints. A tick in the final
columnindicatesthat the data has been rewritten to the public PPF, EFTM. (Some shots have yet to be reprocessed,
these are marked with a circle.) There are still some requests for analysis still outstanding.

Pulse Description Comment EFTM
47432 Snake v
47606 Timing scan v
47609 Timing scan v
47611 Timing scan v
47614 Timing scan v
47615 Timing scan v
47620 Timing scan v
47621 Timing scan v
47622 Timing scan v
47630 Timing scan See JETBST/EFIT ppf, seq 16 .
47636 Timing scan v
47637 Timing scan v
47638 Timing scan See JETBST/EFIT ppf, seq 15 .
47639 Timing scan v
47640 Timing scan v
47643 Timing scan v
47644 Timing scan v
47645 Timing scan v
47646 Timing scan v
47648 Timing scan v
47649 Timing scan v
47650 Timing scan v
47651 Timing scan v
47653 Timing scan v
47660 Timing scan v
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Pulse Description Comment EFTM
47863 Timing scan v
47865 Timing scan v
47866 Timing scan v
47867 Timing scan v
47868 Timing scan See JETBST/EFIT ppf, seq 11 .
47869 Timing scan v
49197 ICRH/NBI in ITBs

49263 Rl Mode OK v
49264 Rl Mode OK v
49265 RI Mode No Octant 4 pini 1; can not analyse x
49270 Rl Mode OK v
49272 Rl Mode OK v
49275 RI Mode No Octant 4 pini 1; can not analyse x
49320 Rl Mode No good times due to large scatter in data x
49323 RI Mode No good times due to large scatter in data x
sz | comas il MO TCconmaton.
49377 LHCD ITBs i_hpergl;"reelvssrs;;s\:\gt; MHD confirmation of v
49384 LHCD ITBs .
49630 LHCD ITBs .
49647 LHCD ITBs .
49651 LHCD ITBs Eﬁ;g;nsé%rsement between MSE and v
4054 | ICRHNBIIN TBs  LeT Y 40644 wsed insteac)

49644 ICRH/NBI in ITBs Comparison with 49651 (instead of 49654) .
49680 LHCD ITBs .
49682 LHCD ITBs .
49683 LHCD ITBs .
49783 High beta p v
49793 High beta p v
49794 High beta p v
49798 High beta p v
49291 NTMs v
49292 NTMs v
49293 NTMs v
49294 NTMs v

* EFTM ppf still needsto be written for these shots
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