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ABSTRACT.

Electron heat pulse propagation in JET H-mode and I TB plasmas was analysed using the TRANSP
code and ECE measured el ectron temperature. The heat pulse caused by ELMs in standard H-mode
and hybrid scenario discharges propagate in accordance with the Critical Gradient Model (CGM).
The electron temperature profile stiffness is typically observed in the plasma above criticality in the
outer half of the plasma radius and disappears in the core. The analysis allows determination of the
critical value of R/L ;,and the stiffnessfactor. Thetheoretical predictions based on thetrapped electron
mode mode! were compared with the experimentally deduced parameter R/L .. Electron temperature
profile stiffness factor was found to be of the order of one in the outer half of the plasmaradius and
decreasing in the core. The same technique has been applied to ITB plasmas. The critical gradient
model isinapplicablefor description of electron heat flux variationsinside I TB caused by large type-
| ELMs. Temperature perturbations are strongly damped inside an ITB. The CGM can be applied in
the region between ITB and the plasma periphery. The stiffness factor deduced from experimental
data are close to or dightly above of what is observed in standard H-mode plasma.

INTRODUCTION.

Results of investigation of heat pulse propagation have been reported in a number of papers[1-12].
Electron temperature profile stiffness has been observed and a semi-empirical model proposed for
description of the heat flux [1,4,11,12]. In this paper we present results of analysis of the heat flux
perturbation caused by ELMs. Heat pulse propagation is investigated in JET optimised shear and
standard H-mode discharges. Electron heat transport is analysed on the basis of TRANSP modelling
[14]. Hest pul se propagation isinvestigated during quiescent periods between ELMsor in the presence
of small grassy ELMs. An analysis of the transport propertieswith TRANSP code is performed using
ECE measurements for electron temperature at 0.5ms time and 2-4cm space resolution. Electron
density isdeduced from the Thomson scattering and interferometer measurements and ion temperature
is obtained from the charge-exchange measurements. Fast magnetic measurements are used to define
plasmaboundary with timeresol ution better than 1ms. Plasmaequilibriumisca culated by the TRANSP
codeevery 1Imstaking into account avariation of the plasmaboundary and pressure. Theiontemperature
measured by the charge exchange diagnostic is available on a40-50ms time grid. The heating power
deposition is affected to some extent by ELMs due to density variation and redistribution of the fast
particles. We analysed pul ses with core power deposition, where density variationisrelatively small.
The TRANSP modelling does not take into account a possible redistribution of the fast particles by
ELMs. However, there is no experimental evidence that such a process is significant in the plasma
core. The TRANSP code adequately describes all important processes involved in the electron and
ion power balance[14].

1. ELECTRON HEAT FLUX IN HYBRID SCENARIO OR STANDARD H-MODE
DISCHARGE WITH SAWTEETH.



Asmentioned abovewe wereinterested in the characteristics of the el ectron heat flux during aquiescent
period between ELMs. We begin this section with analysis of the hybrid scenario discharge #62494
with a current of 2MA, a magnetic field 2.4T [15]. There are two quasi-steady state phases in this
pulse. They are characterised by different levels of NBI power, which variesfrom 12MW in thefirst
phase (6.5s<t<10.5s) to 19MW in the second phase (10.5s<t<14.5s). There was 5-10% decrease in
the plasma density, 10-20% increasein T, and 20-30% increase in T, with transition from the first to
the second quasi-steady phase. Electron heat flux propagation was analysed in these two phases. A
variation in the electron temperature profile, e ectron heat flux, diffusivity and D, signal areshownin
Fig.1 for ashort period of time including two ELMs. The time evolution of these parametersisvery
similar in both quasi-steady state phases and therefore we showed only the first one. Each ELM
causes a sharp increase in the hesat flux. When the D, signal drops roughly to its background level
(5ms after the ELM starts), the electron heat flux gradually decreases until next ELM strikes. Short
bursts of the heat flux radially extended from the core to the periphery can be seen on the contour plot
of g, (Fig.1f). Theamplitude of the bursts decreases with time between successive EL Ms. Thevariation
of thenormalised heet flux ,/ (n,T,”*) asafunction of local R/L_isshownin Fig.2 by solid linesfor
different quasi-state phases (fig.2aand b) and for several radial locations. Short period of time At=5ms
following after each ELM corresponding to the ballistic phase[10] isexcluded from our consideration.
It should be noted that the plasma density variation caused by each ELM does not exceed 10% inthe
region of r/a<0.75, whichisinvestigated in this paper. It followsfrom the reconstruction of the density
profiles by Abel inversion of the line integrated density, obtained by interferometer measurements.
The uncertainty in the density leads to an error in the flux calculation of the order of 10% which is
significantly smaller than therange of theflux variation showninFig.1 and 2. Heat flux variation with
R/LTe described by the critical gradient model [11-17] was compared with avariation of the heat flux
deduced from the experiment. . In the framework of the theory the el ectron heat flux can be expressed
in the following way [18]:

@D

where g isthe safety factor, p,= (miTe)”zl eB, Cthedtiffnessfactor, X, theresidual diffusivity and H
isaHeaviside function. Formula (1) was used to find the best fit (corresponding to mi n(xz)) for the
experimental dependence of q,/ (n.T,”?) on R/ L_assuming that the residual flux 8T, /dr is
much smaller than g,. The dashed and dotted lines in Fig.2 show the approximations found in
thisway. Parameters C and (R/LTe)gi‘IO were deduced from the best fit. They are presented with the
standard deviationsin parenthesisinthe Table 1 and Table 2 for thetimeinterval s 8.827s<t<8.860s
and 11.515s<t<11.540s, respectively, and fig.3. The standard deviation and mi n(xz) are shown
for F=(q./ (n,T.”?)) / max(q,/ (n,T."?). It should be noted that the heat flux dependence on the
R/LTe becomesirregular in the plasma core (r/a)<0.3-0.4, especially during the second time interval
11.515s <t< 11.540s. Large noise type fluctuations on the heat flux signal, probably, can be attributed



to the bursts of fishbone MHD, which arelocalised in the region between magnetic axisand R=3.45m.
The standard deviations in these region are very large as can be seen for R=3.36,3.46m in Table 2.
These fluctuations make definition of C and (R/LTe)‘Z)ﬁID inaccurate and they are not shown in Fig.3.
Outside the plasma core the stiffness factor C is of the order of one. The ‘experimental’ (R/ LTe)‘f:’r(p
ratio does not change significantly with atransition from the first timeinterval to the second one for
all radial points but one.

Two different predictions for the critical value of R/LTe based on TEM mode theory [7] and [13]
were used by authorsin [11] and [18]. According to [7] and [13] the critical value can be expressed,
respectively, in the following way (Thereisamisprint in eqg.(2c) of ref.13. The correct expression is
given by eq.(5) of ref.[11].):

(R/L, ) =(0.357& +0.27(4.9-L31R /Ly +2.68 +In(L+20verr))/ +F, @
(R/L1,)My=0Lg /3L, +20(L-F,)/9f +f,/ 20— )1~ Lg / 2Ly)2, ©)

whereL = (n/(dn/or)), Ly =R, £ =I/R, v ~ 0.1RN Z /T 2 and f, isafraction of trapped electrons.
The derivatives are calculated using minor radius defined asr = (R -R;))/2, where R, and R, are
theradii of the flux surface on thelow and high field side. Expressions (2) and (3) are not applicable
inthe caselow magnetic shear s<0.5. Thetheoretica predictionsand corresponding parameters deduced
from the experimental data are compared in Table 1 and 2. The error bars reflect the variation of the
parameters between ELMs in formulas (2) and (3). The comparison of (R/LTe)‘f;’r‘p with (R/ LTe)f:':
indicates that there is a discrepancy between the theoretical and experimental values. It should be
noted that expression (2) defines so called *apparent’ critical value of (R/LTe)t:rl, which is 10-20%
larger than the real threshold value[7]. Thisfactor movesthe (R/ LTe)g;l estimate closer to (R/ LTe)‘z’r‘p.
Density gradient produces a stabilising effect in eq.(3). It isresponsible for an anomalousincreasein
(R/LTE)LTZ. It reflects alimitation of applicability of the model [13] for R/L >1.

Qualitatively, very similar behaviour was observed in standard H-mode discharge with sawteeth
at a magnetic field of B,=2.3T, plasma current of | ,=1.4MA and neutral beam heating power of
Pus=14MW. Fig.4 showsavariation of the T, profile and of the heat flux g, between two successive
type-l ELMsin Pulse No: 61520. A variation of the normalised heat flux g,/ (neTeS’ %) asafunction
of R/LTe is shown in Fig.5 by solid lines for several radia locations. Dashed lines show best fit of
approximation (1) for the normalised flux. The parameters (R/ LTe)‘z’ﬁp, C deduced from the best fit and
theoretical predictions[7,13] for (R/LTe)tChrL2 areshowninTable 3. Intheregion of R=3.46-3.66mthe
electron temperature profile is stiff and can be described in the framework of the critical gradient
model, which is corroborated by reasonable agreement between qi"p and qt: as defined by formula
(2). The stiffnessfactor is of the order of 1 in the outer half of the minor plasmaradius and decreases
to the plasmacore. Applied procedure gives anegative va ue of (R/LTe)fr‘IO and alarge standard deviation
at R=3.36m, whichindicatesthat the plasmaisbel ow criticality inthisregion. Fig.6 shows comparison



of the stiffness parameters deduced from the experiment and from theory in theregion abovecriticality.
Thereisin genera disagreement between theory prediction [7,13] for the critical (R/LTe)g:ll > and
experimental (R/L7 )"

The magnitude of the stiffness factor for the outer half of the minor plasma radius deduced in our

analysisisin agreement with data reported in [9].

2. ELECTRON HEAT FLUX IN DISCHARGE WITH ITB.

To analyse electron temperature profile stiffnessin ITB plasmas we have applied the same technique
asinthe case of standard H-mode discharges. Namely, the heat pul se propagati on between temperature
perturbation caused by ELMs or internal reconnections was modelled. Typically, strong ITBs can
coexist with relatively small type-11l ELMs. Larger type-1 ELMs often significantly erode or even
destroy ITBs[10]. The variation of the plasma transport properties in the presence of type-l ELMs
was analysed for the case of strong I TBs, which wereformed in reversed shear Pulse No: 51573. The
existence of ITBswas identified using ap* criterion [19]. The analysed discharge was performed at
B,=2.6T,1,=2.2MA, P\g=12MW, P, =5MW and P, ,;=2MW. Electron temperature evolution s
showninFig.7a,cfor atimeinterval, which beginswith small type-111 ELMs(t<6.45s) and endswith
large type-1 ELMss after t>6.45s (see Fig.7b). Temperature perturbations caused by small ELMs can
be seen only in the plasma periphery for R>3.6m. The large temperature gradient in the region of
outer ITB around R=3.56m experiences relatively small variation before the start of the first large
ELM at t=6.48s, as can be seen from Fig.7c. Large ELMs significantly perturb the temperature.
Perturbations penetrate deep into the plasma. The stegpness of the T, profileis reduced after the first
large ELM (compare profiles at t=6.44s and 6.50s in Fig.7c). The ITB, however, survived although
its strength (T, profile steepness) was reduced. The second type-I ELM at 6.66s reduced even further
the T gradient to such an extent that any sign of an outer ITB disappears. Thevariation of thenormalised
heat flux caused by these ELMsisshownin Fig.8a, covering aperiod between thefirst and the second
type-l ELMs (6.49s<t<6.55s) and in Fig.8b, covering a time interval after the second ELM
(6.585<t<6.62s). Each figure demonstrates a dependence of normalised heat flux g, /(n.T,”?) on the
parameter R/L.; at different radial locations. The dependence of the normalised heat flux 0o/(n.T.?
on parameter R/ LTe was approximated using formula (1). Dashed lines show the best fits of the
approximations. They were used formally to deduce the critical (R/ LTe)i’r‘p and stiffness factor C and
their standard deviations. They are shown in Table 4 and 5 for time intervals 6.49s<t<6.55s and
6.58s<t<6.62s, respectively. It isobviousthat therate of the flux variation changes significantly in the
upper and lower parts of the curve for R=3.56m, which correspondsto the ITB location. The critical
gradient model is not applicableinside ITB and approximation (1) produces large standard deviation
for (R/LTe)?r‘Io and very small value for C as can be seen in Table 4. Fig.9 shows variation of stiffness
parameters in the region between I TB and the plasma periphery.

Table4. Stiffnessfactor and critical R/ LTe deduced from experiment and predi cted by theory. Standard
deviations are shown in parenthesis. Pulse NO's: 51573, 6.49s<t<6.55s.



It should be noted that the stiffness parameterswere not defined ins de the region between the magnetic
axisand R=3.45m in the first shown time interval. The applied technique does not allow to deduce
the regular part of the flux variation due to noise type fluctuations on the heat flux in thisregion (see
curve at R=3.45m in Fig.8a). Physically this means that the perturbation is strongly damped inside
ITB (around R = 3.56m). After the second type-l ELM at t = 6.66s the ITB is strongly eroded and
destroyed completely in the end. The perturbation penetrates deeper in the plasma and the heat flux
variation becomes more regular as shown in Fig.8b for R =3.4m and 3.45m, although the standard
deviation remains large.

One can see that parameter R/LTe increases on average with transition from Fig.8a to Fig.8b for
each given R, whichisnot insidethel TB. A solid curve on theright hand side of each graph showsthe
dependencein theregion of the outer ITB at R=3.56m. Herethe R/ LTe decreasesfrom 15 whichisin
theregion typical of profileinside ITBsto 8 which is close to the magnitude which istypical of stiff
standard H-mode profiles [18]. Such decrease in R/LTe value inside the ITB layer indicates the
deterioration of ITB and its disappearance due to the perturbations caused by ELMs.

The character of the flux variation in the region between outer ITB and the plasma periphery to
some extent is consistent with the Critical Gradient Model (CGM) although large standard deviations
arefound for (R/LTe)‘zfpascan be seen from Table 4,5. The stiffnessfactor iscloseto what is observed
in standard H-mode discharge or dightly above it. After the ITB destruction a manifestation of the
stiffness can be seen deeper in the plasmaat R=3.4, 3.45m.

CONCLUSIONS.

Electron heat flux propagation has been analysed using the TRANSP code and ECE measurements of
electron temperature in H-mode and optimised shear discharges in JET. The heat pulse associated
with temperature perturbations caused by EL Ms propagatesin accordance with critical gradient model
(CGM) [1,4,11-13] in astandard H-mode and hybrid scenario dischargesin aregion of 0.3<r/a<0.8.
Theanalysisallowsthe determination of the critical (R/LTe)ﬁ’r‘i‘t’ and T, profile stiffnessfactor C (eq.1).
There is a difference between the theoretical predictions [7,13] of the critical (R/ LTe)g;it and
experimentally observed (R/LTe)fﬁf. It should be noted that thetrendsof radid variation of thetheoretical
predictions [7] and [13] are different, which may help to understand the nature of the difference
between the two theories and experiment. The stiffness factor C in eq.(1) typically increases with a
transition from the inner half to the outer half of the minor radius.

In ITB plasmas type-l ELMs cause a deterioration or destruction of the internal barriers. The
critical gradient model and approximation (1) isinapplicable to the heat flux perturbations produced
by large ELMsinside | TBs. Strong damping of the perturbationisobservedinside| TB and it disappears
in the region between magnetic axis and ITB. The heat flux evolve roughly in accordance with the
critical gradient model in the region between I TB and plasma periphery. The stiffnessfactor Cisclose
to what is observed in standard H-mode or dightly aboveit.
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Figurel: (a) T, profile variation between ELMs, b) density profile variation between ELMs ¢) total electron heat flux
/9. ds trough the plasma surface s, d) heat flux g, €) electron heat diffusivity X, f) D, signal, g) contour plot of g,
provides a qualitative picture of the perturbation of the heat flux in time and space. Bright colours represent higher
amplitude of perturbation and dark colours lower amplitude. Magnetic axis and plasma boundary are at R;=3.04m
and R,=3.84m, respectively. Pulse No: 62494, t=8.8-8.9s.
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Figure 2: Variation of qe/(neTe5/2) between successive ELMs versus R/LTe, a) t=8.827-8.860s, b) t=11.515-11.540s,
Solid lines- / (neTe5/2) 0. " at different radii, dashed lines-the best fit using formula (1). Magnetic axis and plasma
boundary are at R,=3.04m and R,=3.84m, respectively. Pulse No: 62494,
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Figure 3: a,c) Solid line shows (R/L; )& corresponding to minimum x* and its standard deviation is shown by
vertical lines. Theoretical values of (F\’?LT )5,“12 [7,13] are shown by points on dashed lines. Theory is not applicable
for R<3.4mas magnetic shear s<0.5. b,dﬁ Stiffness coefficient C is shown by solid line and its standard deviation is
shown by vertical lines. Expression (2) defines ‘apparent’ threshold, which is 10-20% larger than the real one [7].
This factor moves theoretical threshold [7] closer to the experimental values of (R/L). for R £3.55m. Anomalous
incrgase in (R/L 2:2 for R>3.55m occurs due to a stabilising effect of the density gradient [ 13], which is probably

not realistic for R/L,> 1. Pulse No: 62494, a,b) t=8.827-8.860s, c,d) t=11.515-11.540s.
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Figure5: Variation of g, /(n.T.>%) between successive
ELMsversus R/LTe at different radii. Solid lines- / (neTe5’
%) .®, dashed or dotted lines- the best fit using formula

61520, t=23.790-23.820s. (1). Magnetic axisand plasma boundary are at R,=3.07m
and R,=3.87m, respectively. Pulse No: 61520, t=23.790-

23.820s.
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threshold of ref.[ 7] (see commentsin Fig.3 captions). b) Stiffness coefficient Cis shown by solid line and its standard
deviation is shown by vertical lines. Pulse No: 61520, t=23.790-23.820s.
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small benign type-111 ELMs before t=6.487s and they cause only small temper ature perturbations. Type-1 ELMs after
t=6.487s cause large T, perturbation penetrating deep into plasma (&). T, gradient in the vicinity of I TB is reduced
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(b). Thecorel TB survivesduring all ELMs. It movesfromtheregion around R= 3.36mat t= 6.2sto the region around
R=3.28mby t= 6.6s. Magnetic axis and plasma boundary are at R, = 3.15-3.16mand R, = 3.85m, respectively. Pulse
No: 51573.
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