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ABSTRACT

Application of ICRH to the central region of the plasma can produce sawtooth-
free periods of duration several confinement times and central electron
temperatures in excess of 10keV., The resulting electron transport is studied
locally by examining the relationship between total heat flux and temperature
and density gradients. The spatial profile of heat diffusivity is found to
be virtually independent of plasma current in the central region and strongly
dependent upon current in the outer region. When this result is combined
with those obtained from respectively RF modulation experiments, heat pulse
propagation measurements and transient plasma responses from pellet
injection, a coherent picture of heat diffusivity profiles emerges: Together
these results confirm that the global confinement time has a dependence upon

plasma current which is weaker than linear.

1. INTRODUCTION

The problems associated with determining local plasma transport properties
from experimental measurements are well known. References [1-3] describe
local transport studies carried out on the TFTR, D-IIID and JET tokamaks,

The aims of such studies are: 1) to estimate values of the local heat
diffusivity yx either for electromns or for ions or for both and 2) to
establish the dependence (scaling) of y with basic plasma parameters like
density, temperature, etc. Presently no general scaling law for yx has
emerged to explain the wealth of diagnostic measurements from the above-
mentioned large tokamaks; these measurements include time-dependent spatially
resclved profiles of electron temperature and density and sometimes ion
temperature profiles as well, Sources of errors from time-space differences
of experimental measurements together with sawteeth effects, non-steady
states, etc combine to produce plenty of scope in the interpretation of y
scaling studies. The work to be described in this paper does not provide for
a full solution to these problems; it eliminates however, the effects of
sawteeth, effects which increase the scatter in the data such as that of

reference [3].
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Discharges with sawtooth-free periods lasting several confinement times are
produced in JET by application of ICRH with a frequency corresponding to the
central plasma region [4]. These discharges, sometimes referred to as
discharges with "monster sawteeth", have been produced regularly in ICRH
experiments. Despite its name ICRH mainly heats the electrons since the
minority ions (He® or H) slow down from energies above 1MeV via electron
friction. 1In some discharges the electrons become decoupled from the ions in
the sense that the equipartition time T exceeds the electron energy
confinement time Tre by a factor 1 to 2. Fig. 1 shows the time evolution of
the central electron temperature ‘I‘e during the application of 10MW of ICRH in
JET pulse #13428. This pulse is one out of 110 pulses with sawtooth-free
periods which have been used in the present study. The cause of and
termination of the sawtooth-free period is presently not understood; for the
case shown in Fig. 1 it happens before the end of the ICRH and Te(O) drops
4keV, only to rise 4keV again for a short period. The arrows in Fig. 1

indicate the many time values used in the analysis of that pulse.

The transport analysis method used is similar to that used in reference [3].
It will be described briefly in Section 3 together with the criteria adopted
for data selection. The next Section 2 presents some of the characteristics
of the JET sawtooth-free discharges. The data set used in the analysis is
surveyed in Section 4 and we emphasise which variables are dependent and
which are independent ones. Section 5 examines the "raw" data and the role
of energy equipartition. The results deduced from the analysis yield the
spatially resolved profile of heat diffusivity x; the scaling of.x is
attempted in Section 6 by fits of the experimental data to an empirical and
to a theoretical model. The results are complemented by values of y obtained
from different analysis methods. The first method models, via a simple
diffusion equation, the modulation response of the axial value Te to
modulation of the ICRH power [5]. The second method is based on heat pulse
propagatioh studies [6] of other JET discharges with similar parameters; the
sawtooth-free discharges produce a heat pulse only at the termination of the

"monster sawtcoth".

The main result of our analysis is a plasma current dependence of y in the
outer region as found in [3], but no detectable dependence of y upon current
or any other parameters in the inner region. Section 7 discusses possible
interpretations of this result by correlating it to the results obtained by

other analysis methods.
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2. CHARACTERISTICS OF SAWTOOTH-FREE DISCHARGES

In four series of experiments involving 110 ICRH plasma discharges, the
toroidal components of plasma current I, and field B, are varied as follows:

¢ ¢

(I¢. B¢) ~ (2,2) , (2.5, 2.5) , (3,3) and (3.5, 3.5) (1)

the units being MA and Tesla. For each series (I¢, B¢) of experiments the
ICRH power varies from 3 to 13MW and all discharges have centrally peaked
pover deposition profiles. Each discharge exhibits one (sometimes two or
three)} sawtooth-free period whose duration can vary from 0.5 to 3 seconds

[4].

The plasma configuration is an elliptic cross-section, ellipticity 1.5,
attached to the JET belt limiter. This means that the spatial profile of the
safety factor qw(x) is essentially the same for all discharges; x is a
normalised radius or flux surface label 0 < x g 1. Fig. 2 shows four such

qw profiles, one from each of the series (1); these profiles are obtained
from caleulations with the equilibrium code IDENTC [7] in which the current

distribution is estimated by fits to magnetic measurements.

The global plasma confinement exhibits a dependence upon plasma current I¢.
dw

Fig. 3 shows the total electron energy We against P - EEE’ We is evaluated

from temperature profiles (ECE) and density profiles (interferometer) and P
denotes total input power. The four different symbols used throughout all
¢

separate into four groups of points. The offset-linear scaling law often

the Figures in this paper, label the four values of I,; the data clearly
used to represent the total energy {thermal + fast ions) [8,9] is a good

representation of the We data in Fig. 3, ie,

daw

= - —=
W, = We(O) tToine 7). (2)

Both the offset weco) and the incremental electron confinement time depend on

plasma current.
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The energy content of fast minority ions can be estimated because it is

predominantly anisotropic, ie, Wfast = wifast' It can be shown [10]

-

Wlfast =3 -W..). (3)

. 2
Wan? =35 Waia ™ Wiin

dia MHD
In (3) Wdia' WMHD and Wkin denote respectively the total perpendicular energy
(diamagnetic loop), the energy from MHD fits [7,11] and the total thermal
energy; in the latter similar electron and ion temperature profiles are
assumed . If the fast ion energy content reaches a steady state it should

equal P 15/2 where PRF is total ICRH power and Ty is the characteristic

RF
slowing down time [12]

Ty = 0.11 o 77 - (4)

Af, Zf are the atomic mass and charge numbers of the minority ion and the
units in (4) for Te and n, are keV and 10ism-?, Fig. 4 shows the fast ion
energy estimate given by (3) plotted against PRF tslz; the symbols in Fig. 4
again label the plasma current. For the 2, 2.5 and 3MA data there is a clear
correlation between measured and theoretical estimates of Wlfast which
represents up to 25% of the total energy wdia' All experiments at 2, 2.5 and
3MA have He? as majority ions and H as minority ions. In the 3.5MA, 3.5
Tesla experiments, on the other hand, He* is the majority ion and He?® the
minority ion. Both estimates of wifast given by (3) show a systematic offset

arising from errors in Wiiq 8t 3.5MA.

3. HEAT FLUX DUE TC ICRH

The transport analysis is based on the prescription given in {13] and used
previously for JET NBI heated discharges [3]. Two improvements over the
previous studies are the absence of sawteeth and the inclusion of radiation
profiles. Both improvements lead to a significant reduction in the scatter
of the data on q(x), the total heat flux. The latter is calculated from

. 1 * aw, ..
1) = I v { Qrepg * Q@ - @ ~ @) V- (5
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The minor radiusg is a, V' denotes d/dx of volume. The source terms are
calculated as follows. Qn is derived by the method of [3] and QR by Abel
inversion of bolometer data. The volume integral PRF of QICRH is derived
from the theoretical prediction of [14}. For each plasma surface x the

following approximation is made,

Ppp(®) = Pronar (@, Pi(x) + (1-a)P, (%)) (6)

P,(x) denotes the volume integrated deposition in large aspect ratio,

circular flux surface geometry
x .2 1
P, (x) = (1-2 exp(-(57) })/(1-2 exp(- 33 7N
0 2]
where the half-width of the resonance layer S, is approximated by
S5, = 0.5384 + 0.087 . (8}
The Doppler broadening parameter 4 is

_n . . _
d o Vth(m1nor1ty) . (¢)
where n 1s a toroidal mode number (10 for monopole, 25 for dipole antenna

configurations), w the ICRF and vth the minority thermal velocity. The weak

damping power integral is approximated as in [14]

1

P4
P,0x) = [ £0)n, (x)ax/f f(x)n, (x)dx . (10)
o 0

To evaluate (10) f(x) is taken from Fig. 5 of [14].

Finally the damping coefficient a is estimated from [14] and is of order 0.2.
An example of the spatial variation of the calculated q(x) profiles is
presented in Fig. 5 for the same pulse whose electron temperature is shown in
Fig. 1; the three profiles of Fig. 5 labelled 1 to 3 are calculated at the |
times so labelled in Fig. l.

The ICRF power and thus the flux q(x) have been varied independently of
field, plasma current and density. Such a variation is the basic ingredient

for the transport analysis method which examines the relationship
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q=-X ene<VTe> - qpinCh (11)

by comparing calculated local values of g(x) with measurements of ne(x) and
the surface average at x of VTe. In Eq.{11) the local heat diffusivity x may
depend on local plasma parameters such as temperature or density; yx may also
depend on gradients, eg, <VTe>7 The heat flow or heat pinch term qpinch will
not be restricted to any specific form, however, it is in general difficult
to determine, The data set selected includes 820 cobservations from 110
pulses., The selection excludes by the restriction

1 W gy (12)

PTOTAL dt

0«

strong non-steady states, in particular those close to sawtooth collapses.
From this data we further select values at only 3 radial positions [3],

x =%, */,, %. The reason for this choice is that Eq.(6) for ICRH deposition
is only approximate for x < ¥%; for x > % the radiation profile QR(x) is

similarly only approximately known.

4, TINNER RELATIONS IN DATA

Figure 2 illustrate that the values of safety factor % at x = %, %/,, % are
respectively 1.4, 1.9, 2.3 with little variation within the groups of pulses

(1). A similar lack of variation is found in the normalised spatial profiles

<VT > <vn >

A = e e
T T ! byl n
e e

(13

For each of the groups of pulses (1) AT and A, are approximately constant at
a given x. The variation of AT and hn with plasma current is more pronounced
at x = % than at x = ¥.

"

2.7 ,
2.4

(1]
i

2MA Ap ¥ = 2.2 , A 0

3.5MA : Ay (B) = Lb A (%)

i

ie, the 2MA profiles are more peaked than those at 3.5MA. Within each group
of pulses (1) it is therefore difficult to distinguish between a dependence
of q or ¥ (Eg.11) upon Te or upon <VTe>. The same argument applies to ng and
<Vne>. The changes to the profiles (13) caused by changes in g (ICRH power)
cr changes in I¢ can be studied in plots of ng vs q at a given x, or Ne

(x = %) vs Mo (x = %) etc, where Ne s defined as
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_ 51 8 log Te
hn

n il
3 log n,

. - (1a)

At the half radius (x = ¥) Ne is found to vary weakly with q and strongly
with I¢. For x = % the Ne data scatters around N, = 2withnoqorl

¢

dependence.

The variations of g(x) have been made experimentally almost independently of
the plasma density n,. Thus the (VTe> values resulting from ICRH and the
corresponding values of n, are almost independent of each other; plots of
<VTe> vs n_ similar to Fig. 4 of reference [3] verify such a data

independence.

5. RAW DATA AND EQUIPARTITION

The heat flux method examines if the relationship (11) can represent the data
of calculated values of g and measured values of n, and <VTe>. The
assumptions which may make Eq.(11) a useful representation of total heat flow

in an axisymmetric tokamak (no sawteeth effects) are as follows:

1. The major part of the heat flow is through the electron thermal loss

channel,

2, The electron and ion thermal diffusivities Xe and X; are for x > 0.5 not

too dissimilar in magnitude and in their scaling with plasma parameters.

A conséquence of these assumptions ig that ion-electron energy equipartition
rate Qei does not play a dominant role in the heat flow such that terms
proportional to <VTi> would be reguired in Eq.(11). To assess if this is the

case we evaluate

=3 e i
Q. = 20 € —2 (15)
eq

in which the equipartition time is Teq = Ts(Af=3, Zf=2)/Zeff; T, is given by
Eq.{4). By replacing the integrand in Eq.({5) with Qei we can calculate the
flux Qs associated with equipartition and estimate its magnitude in the

equation
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in which q, denotes the electron heat flux. The calculation requires an ion

temperature profile and we assume
= - = - ﬂ'r =
T;00 = (T, -~ T (x=1)UA-x)" +T (x=1), (16)
vhere Tic is measured by the JET X-ray crystal spectrometer.

By varying y we find that t;;/'qe:.L is at most 10-12% (2MA) and 6-7% (3.5MA);
these values are for y = 3, a rather peaked Ti(x) profile. By further
increases to 7 the ratio qei/q will increase further; it appears however
unlikely that the ion temperature profile Ti(x) should become more peaked
during the ICRH than during the ohmic phase. A 6 to 10% change to the heat
flux q due to ion-electron equipartition indicates that the electron energy
loss channel is indeed the dominant one and y in Egq.(11) should be close to

the electron thermal diffusivity X+

Before proceeding to fit the data to Eq.(11) we first examine the "raw" data.
Figs. 6 and 7 show values at x = ¥ and ¥ respectively of g plotted against
values of the product ene<VTe> (the electron charge e is used as Te is in
units eV). We have only included the 2 and 3.5MA data to bring out the
following point: at x = % there is little dependence of the slope
dq/d(ene<VTe>) upon current; at x = % there is a pronounced dependence upon
current. The lines through the data points arise from linear regression fits
to these and their slope represent an ensemble averaged ;. The intercept at
en VTe = 0, ie, qpinch of Eq.(11), is almost zero at x=¥ (Fig. 6). As x
increases qpinch increases and Fig. 7 shows a finite qpinch for both the 2
and 3.5MA data.

6, SCALING LAWS FOR HEAT DIFFUSIVITY

Two scaling laws for the total diffusivity y are used to fit the data to the
expression (11). The first scaling law involves an empirical dependence of yx
upon those parameters which we regard as being varied independently in the
data set:

a. b
e

T 1

_ ¢
X; = Kn T I, - (17)
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We note following Section 4 that <Vne> and (VTe>‘cou1d replace n, and Te
respectively in Eq.(17). .The second scaling law is based on the work of
Connor [15]. The scale invariance technique of Connor-Taylor [16] has been
applied by Hagan and Frieman [17] to a non-linear gyrokinetic equation. The -
technique yields the general expression

2 L
x, = K& FCE LB, (18a)

in which p is Larmor radius (electrons or ions}, v is thermal velocity (e or
i), L a scale length, v a collision frequency and B denotes plasma P
(toroidal or poloidal). The expression (18a) is rather general and permits
vast number of possible scalings through permutations of variables, eg, P
Pis Var Vi etc. We have used a power series representation of (18a) which
takes the form

T2/, n a nT b

X, = K () (=
3 I3 L T I3

. (18b)

For the JET data represented by the groups (1) it is clear that any I¢

dependence of x can be interpreted as a B, dependence.

¢
We carry out non-linear regression fits of the data to Eq.(1l) using the
expressions (17) and (18b). Tables I and.II summarise the values of the
parameters K, a, b, ¢ obtained by fits to data at a fixed x and fits to all
the data. Both the yx, and x, scaling confirm that the heat pincﬁ qpinch is
small; this is already evident from Figs., 6 and 7. Fitting the data on heat
flux q to Eg.(11), using either Eq.(17) or (18b) for y and allowing for some
specific form of the heat pinch qpinch’ is difficult. The scatter in the
data on q is of the same magnitude as the inferred qpinch vwhich is treated as
a constant. The parameter values in tables I and II show that the non-linear
regression analysis may yield either positive or negative values of qpinch
depending on the choice of x and on the radial coordinate. Both scalings
show nevertheless that there is a strong current dependence at x = %, a
weaker one at x = 2/, and hardly any I¢ dependence at x = ¥. If all x values
are combined then the current dependence of y becomes small because the
weight in the fitting of the x = ¥ and 1/, exceeds by a factor 2 that of the
x = % data. Presently we can therefore not exclude any "hidden variables" in
either the y or qpinch scaling. When introduced, such variables would permit
an arbitrary selection of data at various radial positions to be made and

used in non-linear regression fits.
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7. INTERPRETATION OF RESULTS

The resulting heat diffusivity profile x(x) is shown in Fig. 8 for plasma
currents of 2 to 3,5MA. Also shown in Fig. 8 is the value of ¥ with error
bars deduced from ICRH modulation experiments [5] during sawtocoth-free
discharges; this value applies to the centre of the discharge and has been
obtained in separate experiments with I¢ = 2MA, but B¢ = 3.4T. A second
value for Xe has been found [18)] with 3MA, 3T confirming that there is no
variation with plasma current.

The heat pulse propagation method for estimating Xyp {6] has been applied to
plasma configurations with an internal separatrix. In the discharges at

I¢ = 3, 3.5 and 4MA sawteeth are produced by NBI heating. The range of
values xH?‘from the analysis {19] are represented by an error bar in Fig. 8
at a range in radius 0.4 < x < 0,6 just outside the sawtooth inversion

radius. The data in {19] show no systematic dependence of Xyp upon I¢.

A fourth method [20] has been used to estimate Xo+ It is based on analysis
of the transient plasma response generated by pellet injection into NBI
heated plasmas with I¢ = 3MA and B¢ = 3T, Fig. 8 shows the values of Xe for

two pulses at 2 and 3MA and these are marked by horizontal error bars.

The results in Fig. 8 for ¥, Xor Xyp obtained from data of different types of
experiments by different analysis methods and at various spatial locations in
the plasma summarise the first statement of this paper. For sawtooth-free
discharges there is no apparent dependence of Xo upon plasma current or field
inside the x = !/, radius. For sawteething discharges a slightly higher Xe
is deduced in this region, but again without any obvious current dependence.

At the ¥ radius the result from this paper can be expressed approximately as

_ 7.5

I¢(MA)

x{x = %) [m2/s]

in agreement with the estimate for NBI heated discharges [3] for which the
scatter (mean rms of relative difference between data and fit) was 35%. The
suppression of sawteeth has diminished the scatter (¢ in tables I and II) to

22%: this represents a substantial improvement.
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The heat diffusivity profiles which can be inferred from Fig. 8 indicate the
variations of Xq with x and I¢ (B¢) that may be expected in ICRF heated
plasmas which exhibit L-mode confinement. To correlate the profiles for
local diffusivity with global confinement scaling (Fig. 3) it is necessary to

evaluate the density-volume weighted average x defined in [13] as

- 1 fx ne(x’) Vg dx’ -
x= Gl T n GO Vg xa X (19)

E denotes ellipticity and the volume element is dv = Vg dx. Eq.(19) can be

evaluated assuming [11,13]

n,(x) =n, (1- x2)7
_ (20)
x(x) = x, / (1~ x'*’)ﬁ

It can be inferred from the shape of the curves in Fig. 8 that B depends on
‘current. The model profiles (20) are however too steep beyond say x=0.8,
where no information on y is available. We therefore replace the upper limit
on the integral (19) by x=0.8 and we use B=¥% (4 - I¢) to bring out the

variation of y with current, A fit to the 4 values of y thus obtained yields
X = (4 £ 0.07) I, 700 (m2/s)

with I, in units MA. The incremental confinement time T defined in [13]

¢

then becomes

_ 3alE
X A'x'

T = 0.085 I¢°'5 (s) (21)

Such a scaling has recently been inferred [9] from studies of sawtooth
effects on confinement. The slopes of the global confinement data in Fig. 3
are represented by the expression for TX as should be expected. The offset
we(O) in Eq.(2) is evident in the data of Fig. 3. This offset arises from
the offset Yoinch and is derived in [13]_as

v [ o x)g ax’

We(O) =1

J

- . L dx+W, . (22)
X a3 E <|Vx|?> ne(x) x/x *pinch
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In Eq.(22) W, represents a contribution from finite edge temperature; this
contribution is small for the series of experiments studied in this paper.
The variation of qpiHCh with radius x and with plasma current I¢ is difficult
to establish quantitatively; this is borne out by values in Tables I and II.
Figs. 6 and 7 show, however, qualitatively that qpinch increases with x and
plasma current. If a radially increasing variation of qpinch is assumed in

' Eq.(22) together with x(x) as shown in Fig. 8 then we can gqualitatively infer
that the integral in Eg.(22) will exhibit the same current dependence, eg,
m1¢a, a » 0. The offset We(O) will thus depend on I¢ more strongly than tx.
This dependence We(O) Vs I¢ is clearly shown in Fig._3 and varies from 0.6MJ
at 2MA to 1.1MJ at 3.5MA,

8, SHORT SUMMARY

The suppression of sawteeth by ICRH substantially improves the quality of the
data used for the heat flux method to determine local transport. The results
obtained with this method for 110 JET pulses have been combined with results
from three other methods which estimate the diffusivity. Together they
produce a coherent picture of the heat diffusivity profiles: the heat
diffusivity inside the % radius shows little dependence upon plasma current;

as X increases from % to 1 the dependence upon current becomes stronger.
When the diffusivity profiles are interpreted according to the method of

[13], the experimentally observed dependence of global confinement upon

plasma current is established.
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[ki/m?] (%]

% 0.90.1 | ~0.1540.05 | 0.440.06 | -0.0320.04 -1.541,5 22
Y, 0.6£0.1 | 0.3 £0.09 | 0.7#0.1 | -0.5 0.1 | -8 %1.5 23
% 1.3£0.2 0.5 #0.1 1.040.1 -1.5 #0.1 -8 1l.5 22
%2/, % | 2.520.1 | -0.3 $0.02 | -0.120.01 | 0.0420.02 | 8 &l 26

Table I: Values of parameters for the empirical scaling law for x (Eg.17)
obtained from non-linear regression analyses; o, the mean rms of the relative

difference between data and fitted values, represents the scatter.

x K a b qpinch o

[kW/m2] {%]

% 3.4%0,2 0.310.,02 -1.0 £0.02 17 18 23

2/, 2.8%0.2 0.310,02 ~0.7540.05 2.6£2.1 24

% 3.2%0,15 0.3£0.02 | -0.32+0.06 2.1%1.6 27

%2, % 2.80.2 0.420.02 -0.9 10.01 19 418 35
Table II: Values of parameters obtained with the scaling of y (Eq.18b) based

on a gyrokinetic equation.
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FIGURE CAPTIONS

Figure 1 Time evolution of the axial electron temperature (ECE) for JET
pulse 13428. Application of 10MW of ICRH leads to a sawtooth-free period of
duration 2.5 seconds. The errors indicate the transport analysis times for

this particular pulse. The labels 1, 2 and 3 refer to times used for grahs
in Figure 5.

Figpure 2 The similarity of safety factor q¢ profiles in all analysed pulses
is illustrated by four representative qw profiles. These profiles are
obtained from equilibrium calculations on four JET pulses each with 7MW of
ICRH and plasma currents 2, 2.5, 3, 3.5MA. The abcissae x corresponds to a
normalised flux label defined in the text.

Figure 3 The total confined electron energy Wé vs power P - dWe/dt. The
symbols label the plasma current as follows: o (2MA), + (2.5M4), {3MA),
x (3.5MA). This data is well represented by Eq.(2).

Figure 4 Estimate of fast ion energy Wifast from measurements (Eg.3) vs
estimate of Wifast from theory. The latter is PRF 15/2 where 1, is given by
Eq.(4). The symbols label current as for Figure 3.

Figure 5 Radial profiles of heat flux q(x) given by Eg.(5) calculated from
the theory in {14] for JET pulse 13428 (as in Figure 1). The labels 1, 2 and

3 correspond to the time values similarly labelled in Figure 1.

Figure 6 Values of total heat flux q vs en <VT_ > at the half radius x=%.
The symbols label current as in Figure 3. The straight lines are based on
linear regression fits and show little variation of the slope. For clarity
only 2 and 3.5MA data values are shown. Notice that the heat pinch (ofiset

of straight lines) is very small.

Figure 7 As Figure 6 but data is at % radius. Despite the scatter there is

strong and clear variation of the slopes of the straight lines through the
data.

Figure 8 The resulting heat diffusivity profile y(x) spatially resolved.
Symbols label current as in Figure 3. The value near x=0 is obtained

from ICRH modulation experiments (5). The result at x=0.4 is derived from
heat pulse propagation measurements [18]. The two values with horizontal

error bars are determined from pellet injection experiments [20].
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Fig.1 Time evolution of the axial electron temperature (ECE) for JET pulse
13428, Application of 10MW of ICRH leads to a sawtooth-free period of
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Fig.2 The similarity of safety factor g, profiles in all analysed pulses is

illustrated by four representative g, profiles. These profiles are obtained from

equilibrium calculations on four JET pulses each with 7MW of ICRH and

plasma currents 2, 2.5, 3, 3.5MA. The abcissae x corresponds to a normalised
flux label defined in the text.
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Eq.(4). The symbols label current as for Fig. 3.
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3.5MA data values are shown. Notice that the heat pinch (offset of straight
lines) is very smail.
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Fig.8 The resulting heat diffusivity profile x(x) spatially resolved. Symbols

label current as in Figure 3. The value near x=0 is obtained from ICRH

modaulation experiments (5). The result at x=0.4 is derived from heat pulse

propagation measurements [18]. The two values with horizontal error bars
are determined from pellet injection experiments [20].
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