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ABSTRACT

A new analysis technique has been developed for the study of the decay rate of
sawteeth perturbed Te profiles to investigate electron transport in the spatial zone
between the inversion and mixing radii. The data presented are from JET L and
H mode plasmas with currents ranging from 1.5MA to 6MA and with additional
heating ranging from 2 to 22MW. Low values of the dynamic electron heat
diffusivity yeHP were obtained for very good confinement H modes (VH modes)
with high values of Te and VT.. No simple dependence of electron conductivity
on Te or VT, can produce the xeHP values obtained in all regimes L, H and VH.
However we have found in general that the variations of xeHP due to parameter
changes were consistent with those observed for the heat diffusivity obtained

from power balance calculations.
1. INTRODUCTION

A major problem in understanding the nature of local heat transport in tokamak
plasmas is the lack of accurate direct measurements of the local heat fluxes.
Typically these fluxes are inferred from detailed power balance calculations.
However, these cannot easily separate electron and ion heat fluxes from the total
flux, especially in some of the high performance regimes, and the effective heat
conductivity, Xeff, obtained from the total heat flux, may not behave similarly to
either the ion or the electron conductivity.

The study of electron heat pulse propagation (HPP) has been widely used to
obtain information about anomalous electron heat transport in Tokamak
plasmas. This report describes a new numerical technique for the analysis of the
decay rate of sawteeth perturbed Te profiles in the spatial zone between the
inversion and the mixing radii and demonstrates the technique through its
application to JET data. This analysis is neither the study of pure outward nor
inward HPP but in some sense spread of the initial perturbation in both
directions simulataneously. However, this decay can be called heat pulse
propagation also.

Many analytical and numerical methods for HPP studies have been developed,
in particular, for ECRH induced [1-4] and sawteeth induced heat waves [4-8].
Analytical methods [5, 6] for studying sawteeth induced HPP, assume the electron
temperature profile Te(r, t) evolves in time after the sawteeth crash at radial
positions r > rijhy, where riny is the sawteeth inversion radius, via diffusive



processes with an electron thermal conductivity, e which is constant in time.
Similarly, numerical methods [4, 7] also assume a constant ye but for r > rmix,
where rmix is the mixing radius defined as the outermost radius where T,
increases after the crash.

The local electron heat conductivity, ye, depends on an unknown set of local
plasma parameters, e.g. Te, ne, and VT,. Local plasma properties are altered by
the passing heat wave and so change the value of xe. A xe dependence on VT,
however, does not affect the diffusive picture of HPP since we can write [2, 3, 6,

18] 1P = xePB + (axePB / BVTe) VT,; where xePB is the electron conductivity

obtained from power balance calculations; ¥, = T,/(n.VT.) is the dynamic

electron thermal diffusivity, and where TI'e is the electron thermal flux

perturbation and VT, is the electron temperature gradient perturbation. Usually

Xel¥ > 1o P for sawteeth induced and for ECRH induced heat waves [1-8]. This

difference can be explained by either a dependence of . on VT, [2, 3, 6, 8, 18, 19],
or by the presence of a large convective inward heat flux [2, 8, 18].

The study of the outward propagation of heat waves does not usually allow us to
observe the y dependence on VT, or to validate easily simple heat pinch models
[18, 2], as was demonstrated in [2] with full transport code calculations. A study
of the inward propagation of a flat heat wave (with the temperature gradient
close to zero) is needed to separate both conductive and convective heat fluxes, as
shown in reference [23] where the anomalous particle convective flux is

determined by modelling the inward density wave induced by gas puffing.

Slow inward heat wave propagation has been observed during off-axis ECRH on
T-10 [24] and during off-axis ICRH on JET [21]. Slow HPP, with x,/'¥ < x,'B, has

also been observed on T-10 [11] when on-axis ECRH was imposed on a broad
electron temperature profile created previously by off-axis ECRH. These
experiments demonstrated the absence of significant inward convective electron
heat fluxes during good electron confinement regimes. However, the
experimental data could be described by a complicated heat pinch model [20] in
which the inward convective fluxes disappear with large deviations of the T,
profile from the "canonical” one.

Given that anomalous electron transport is governed by mechanisms dependent

on local parameters, we can expect that erP obtained from various sources of



perturbation must be similar in value for plasmas with similar parameters, VTe,
Te etc. This assertion would seem to be correct. Values of ¥/’ obtained from
on-axis ECRH induced and sawteeth induced HPP on T-10 [3, 11], and erP
obtained from pellet and sawteeth induced HPP on JET [17] are in reasonable
agreement. In addition, the electron temperature perturbation decay at
Tinv < T < I'mix in a calculation made with a full transport code [3], was consistent
with the xePB (VTe) model used. These results imply that, in these regimes,
sawteeth induced HPP is a manifestation of transport only and not of any other
process. However, comparisons of y,/* values obtained from various sources of

perturbation have not yet been done systematically.

The opposite point of view whereby the turbulence associated with a sawteeth
crash affects the HPP in an unpredictable manner was suggested in [10]. It was
shown in reference [10], from measurements made in the TFTR tokamak of the
electron temperature profile evolution during a sawteeth crash, that significant
heat was deposited beyond the mixing radius rpjx within 200 psec following the
crash. Only one example was given. In their opinion, 3, immediately after the
crash was strongly enhanced. A fast relaxation of X, to its original level then
occurred. It was declared that the transport results obtained previously on the
TFTR and JET were distorted to an unknown degree by this effect. The example
from [10] was reanalysed in reference [9]. The authors of [9] concluded that the
variation in ye with time exists and that this e enhancement is smaller the
greater the distance from the inversion radius. In their opinion, HPP can be

studied with standard methods at r > rpyijx-

Some disagreement between erP values obtained by different methods was
seen in one regime on T-10. The XCHP values estimated from an analysis of the
sawteeth induced TC decay rate (within 1ms after a crash) at r = rpix with IMW of
on-axis ECRH in low density plasmas were at least two times greater than erP

obtained from instability induced heat wave propagation in the same region [15].

Given the various points of view discussed above, the results obtained in some
regimes by different groups have been contradictory. Additional study is needed
to understand when and in what plasma region sawteeth induced HPP can be
affected by a ye relaxation in time.



It is often very difficult to determine the location of the space-time boundary
between short timescale enhanced transport effects and the traditional outward
heat wave. To avoid these problems, consider that outermost normalised radius
where the electron temperature is seen to be increasing within 1ms (for JET
timescales) after the beginning of the sawteeth crash. At the end of this time the
relaxation of x, has probably ended and the temperature gradients are relatively
smooth. This radius will be denoted rmix1 to avoid confusion with other
definitions of the mixing radius used. For some 6MA and 7MA JET pulses,
I'mix1 = 0.85. For many pulses with additional heating and irregular or monster
sawteeth, HPP at r > rmix1 could not be studied due to the low amplitude of
perturbations. The method described in this report enables, for the first time,
HPP analysis in the region riny < < rmix1.

To investigate electron transport in the zone between the inversion radii riny and
I'mix1 and to estimate the influence of enhanced transport, a method [4] was
developed for the analysis of the decay rate of the initial sawteeth induced Te
perturbation. For this zone, we can separate in time the crash event from the
transport under study by beginning the analysis of HPP a few milliseconds after
the crash, taking the perturbation profile directly from experimental data. For
r > rmix1, the perturbation profile is uncertain. Varying the time delay allows us
to either exclude or to study the possible influence of the relaxation of X, on
erP. The high amplitude of the perturbation in the region riny < r < rmix1 also
allows us to study HPP from each crash individually.

The paper is organised as follows: In section 2 the method is presented.
Questions concerning the sensitivity of the results obtained to the damping
terms and to the experimental data errors are discussed. The essential points of
the method are demonstrated with results from a study of high density 3MA
plasmas with central and mixed (on and off axis) ICRH. Problems arising from
the possible influence of e (VTe, Te) dependence on the erP values obtained
are also discussed. A comparison of erP data for ICRH heated 3MA and 1.5MA
plasmas is presented in section 3. Examples of HPP in NBI heated L and H mode
discharges are also presented. Similarly, results for 6MA pulses are discussed in
section 4. The report is summarised in section 5.



2.1

THE MODELLING OF THE HEAT PULSE PROPAGATION
A Description of the Method

The electron temperature profile before and after a sawteeth crash is
illustrated in Fig. 1 with data from the JET pulse 27578. Energy from the
core of the plasma is transferred to the plasma region rj,, < r < TI'mixi

and is seen as a perturbation of the temperature profile. Later this
perturbation diminishes with time due to both a decrease in the heat
outflux from the core of plasma and the outward propagation of the
electron temperature wave into the region r > rmix1. The profile
eventually returns to a quasi-steady state form. The time evolution of the
electron temperature profile, demonstrating several sawteeth events at
several plasma positions, is shown in Fig. 2. The Te(r, t) decay during one
of the many sawteeth events seen is shown in greater detail in Fig. 3. It is
the study of this decay that forms the basis of the new method presented

here.

The electron temperature in JET is measured using a variety of diagnostic
systems. Of particular use to the study of HPP is data from the ECE grating
polychromator. This diagnostic provides temperatures at several plasma
positions in the horizontal mid-plane with high time resolution [25].
Referring to Fig. 2, there are several spatial positions inside the region
Tiny S T < I'mix]l- The radial position of the measurement point closest
to and outside of the inversion radius is denoted r1, and the radial position
of the measurement point closest to rmix1 is denoted r3. The temperature
data at r1 and r3, together with all data at measurement positions r1 <r <
r3, denoted rp;, where i is an integer number, are used to solve the
transport equation for y.HF.

It is seen from Figs. 2-3 that within one millisecond from the beginning of
the crash the electron temperature perturbation has spread well away from
riny but has no clear outer boundary. Moreover, in some low q JET pulses,
we have found that the perturbation had spread up to r = 0.85 within 1 ms
after the beginning of the crash (see e.g. Fig. 14). Our experience with JET
data has indicated that the traditional concept of a mixing radius could not
be easily applied and clarifies why a new definition, rmix1, is used.



The time evolution of the temperature profile is determined by the local
electron heat transport and by the local heat sources and sinks. Starting
with the equation for conservation of energy we have

30n,T,
——= = V([e) + 1
where I'e is the local electron heat flux I'c = —%en.VT, + %I‘nTe, ne is

the electron density, Qe is the sum of local heat sources and sinks, i.e. Q¢ =
Ysources — Zsinks, and I'y is the electron density flux. Let us write all terms
as the sum of a steady state and a perturbed value i.e.
Te = Te, + Te , Mg = Ne_ + Neg , Xe = Xe, + Xe, etc. For most JET
sawteeth crashes the relative value of the density perturbation is
significantly less (by an order of magnitude) than the relative electron
temperature perturbation, i.e. Ifi, /n.l<<IT,/Tol. Therefore fi, can be
ignored. The role of the perturbation to the term 5/2 I' T, is less obvious.
However, the term T, I',, is probably insignificant because it has been
observed that D << %¢HP for JET [17]. To the author's knowledge, no
evidence has been found for the influence of the coupled transport term
fn (variations in density flux caused by Te) on the electron HPP on JET. A
more detailed discussion on the problems of electron density transport lies
outside the scope of the present work.

Taking into account all the above simplifications, equation (1) becomes

3, 2L _ v (1‘) + 0 =~V (nyg VT )+0, 2)
2 ot ¢
where ¥ HP - _ I:e / V’fe n, is the dynamic electron thermal diffusivity,
e e y y

e is the electron thermal flux perturbation and Q, is the perturbation of

the electron heat source.

Equation (2) is solved numerically in the region r1 < r < r3 (see Fig. 3) with
the initial conditions provided by experimental measurements

Te calc (1,0) = Te exp (r,0). Furthermore, as boundary conditions, the

experimental data at r = ry and r =r3 are used:



Te calc (r1,t) = Te exp (rl,t), Te calc (r3't) = Te exp (r3't)

The initial condition (t = 0) was chosen about t; = 2ms after the beginning
of the crash. This shift in time was needed to avoid possible short time
scale fast transport immediately following the sawteeth crash and to avoid
the rapidly changing gradients.

Equation (2) was solved, in cylindrical geometry (JET ellipticity and shift
were taken into account by assuming r(R)=(R-R,(R)) (kz(R)+1)/2

where R is the mid-plane major radius, Rq (R) is flux surface centre and A
is the ellipticity), using an implicit conservative difference scheme. The
difference problem was solved with a three point Gauss elimination
method. The positions of the ECE channels were obtained by matching the
cyclotron frequencies with the total magnetic field profile calculated by the
equilibrium solver IDENTC [22].

Consider initially the situation when Q, = 0. The calculated values of

"}e(rZi t) from the inner ECE channels r; would then depend only on the
unknown value of xeHP. One can determine the optimum value yHT
automatically from the best fit to the calculated and experimental data
from the inner polychromater channels at ri < rp;j < r3 (see Fig. 3), by

n t1._ HP - 2
minimising the difference M= ¥ I[Tcalc(Xe ,rzi,t)—TeXp(rp_i,t)] dt.
i=1 o

Fig. 3 shows examples of the solution of equation (2) for three different
values of yoHP. It is clear that the central solution provided a good fit to
the data. At least 20 calculations with various x¢H! were done to find the
minimum of M. The dependence of M on the normalised xHF value for
the crash in Fig. 3 is shown in Fig. 4.

In practice, the problem is more complicated when xHP has a radial
dependence. Values of erP were obtained initially for erP = constant
(20 calculations), for XCHP~\E (again 20 calculations) then again for
erP ~r etc. The minimum values of M, obtained for each class of radial

dependence, were then compared to determine the most appropriate radial
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dependence. Curiously, the values of [T atr = —(; + 1) were almost

1
2
the same for various values of vy, i.e. all curves erP ~Yfory=0,051
usually crossed in the middle of the region studied. For most pulses , the

best fit was obtained with a weak radial dependence: xo!F ~+/r.

The high amplitude of the perturbation in the region rj,y < r < rpmix

allows us to study each crash separately and to improve the accuracy of our
erPmeasurements statistically even when a limited number of crashes,
with various amplitudes, exist. Let us name this method the " mixture"

method because it uses both initial and boundary conditions.

It is clearly seen from figures 1-3 that we are studying the decay of the
perturbation in a space region where the values of V Te have opposite
signs on left and right boundaries during the time period of analysis. We
are not studying either pure outward or pure inward HPP, but the spread
of the initial perturbation in both directions together. In this sense, the
decay can be called heat pulse propagation.

The Influence of Heat Sources

Let us now discuss the sensitivity of this mixture method to the heat

source perturbations. The electron heat source perturbation Q, is
composed from at least three terms:

Qe = Qjoule + Qei + Qeadd

The perturbation of the joule heating term eroulc ~ — Te is not
significant for all the pulses studied so far. However, the equipartition

term, Qei ~ Te/ 1¢i, can be significant and must be taken into account.
The role of this term is strongly dependent on the plasma conditions and
the sawteeth location. Moreover, for some pulses the possible
perturbation of the ion temperature, Tj, could have been comparable to
that of Te. The magnitude of Q.. has been estimated separately for each

pulse analysed and for most pulses was not important. The third term
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Qe,,, Tepresents the variation in additional heating and has not been

taken into account. One can see from Fig. 2 the negative value of Te
between crashes. This effect was clearly seen in various plasma regimes. It

is possible that the Q. ,  term is responsible for this over-relaxation in

Te. One possible reason is that this cooling may have been due to a
distortion in the electron/ion distribution function during the crash. The
influence of this effect for each pulse (or crash) can be estimated directly

3 T ()

exp

fle ot

N W

from the experimental data by assuming éeadd (r) =

when '}eexp (r) = 0.

Outside rpix1 the influence of Qeadd could have been significant due to

the low amplitude of 'I'e. In the results presented below, the influence of

Qei and Q. ,, typically gave rise to insignificant corrections to the

calculated values of xeHP. A typical correction was approximately 10%

(within the zone riny < r < 'mixi).
The Sensitivity of g¢HP Values to the Various Parameters

Let us introduce an index to the "quality" of the heat waves. The index is
the "relative sharpness” of the heat wave and is defined:

Ve , % / s> 3)

€0
Te

S = <</

averaged in space. This is the experimental characterization of the
sensitivity of conduction term (yHP) to "convective-like" terms (source
perturbation, ye(t) and xe(Te) dependence, I, T, etc.) For example, if S = 3
and yeHP = 2x0l'B, this would mean that yoHT is SyeHT/ B = 6 times less
sensitive to variations in the source terms than is xeB. The value of S
particularly depends on the locations of the polychromater channels. The
channel at r = ri, must be located just outside riny. The value of S
decreases in time due to a spreading of the initial perturbation. This is the



reason why the HPP study is bounded in time. Let us use S averaged over
the time interval of the HPP analysis for our measure of quality.

The "mixture" method is not sensitive to the absolute value of Te(r) or to
the radial positions of the region studied. However, errors in VT¢/Te and
in the distance between ECE channels rj_rj 4 1 can have a direct influence

on the value of xeHP. The effect of systematic errors in the ”I"e
measurements could be calculated for each crash separately. An example
of the sensitivity of the calculation to yeHP values is shown in Fig. 3. The
form of the square difference between calculated and experimental data
M(xeHP) curve (see Fig. 4) is also an important characterisation of the
sensitivity of xeHP values obtained to the errors. The sharp minimum of
the M(xeHP) curve represents a stable and well known %¢HF value, and
vice versa. The sharpness of the M(xeHP) curve is related to the sharpness

of ’I‘e (r, t) i.e. to the S value. Stable values of V'}eexp(r,t) with opposite
signs on the left and right boundaries are also needed for a well defined M

minimum. For good pulses with S > 2, a systematic 10% perturbation of

Te on both boundary channels (or on all the inner channels together) gave
approximately the same shift in the value of xeHl. For example, a 10%

increase in T on both boundary channels for pulse 27578 resulted in a
12% increase in XCHP. For pulses with a lower value of S, the error in

xeHP can be larger.

Another possible source of error was the quality of the initial 'I‘eexp (r, 0)

profile. At least two inner channels were needed to have a satisfactory
initial perturbation profile.

The application of the new method with a more realistic geometry would
result in a systematic slight reduction of xeHP. This would be larger for the
outermost region.

An estimation of the total random error in the value of y.HP was

provided by the natural variance in the yeHT values obtained for each

individual crash.

10
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The variation of yeHP with time was studied by varying the time interval
between the beginning of the crash and the start of the HPP study, tgp. The
integration time period t; was also varied. However, there were limited
possibilities in choosing the values of tpand t; because the time period
(to + t1) was constrained by the decay of the perturbation profile. The
maximum value of (tg + t1) varied from 10 to 30ms for various pulses.
Results from this study are discussed in section III.

Examples of HPP Analysis and an Interpretation of y¢HP

The method was applied to high density plasma regimes with on axis
10MW (pulse 27578) and mixed (on + off) 1I0MW ICRH heating (pulse
27579) (12 ]. A comparison of the yeHP obtained with yeff values from
power balance calculations are shown in Fig. 5. The errors in xeHP shown
in figure 5 represents the variance in the calculated data (8 crashes in each
pulse). The HPP at r > rpjx1 could not be studied for pulse 27578 due to the
low quality of the Te measurements, nor for pulse 27579 due to the

influence of Q Let us now discuss the problem of interpretation of the

€add ’
¥eHP values obtained.

In the region studied, the initial value of V’I“e was significant and the total
gradient VT, varied in time and space. It is well known [2, 3, 6] that when
the electron heat diffusivity measured by power balance XeIB = ye(VTe, Te)
the expression for yeHl becomes

3

PB PB
(HP =y PB4 e~ yp , e Te gp
VT, JT, VT

where VTe = VT + V'}‘e is the total gradient.

A problem for both pulses was that while yef was well-defined, x¢B was
not (due to the uncertainty with the equipartition term). Let us suppose
that xePB = 0.8 4/r/r; m?! for pulse 27578, and consider the validity
of (3) for the mixture method with a dependence of xePBon VTe. If %e
is dependent on VT, only and we have both xcHF (see figure 5) and yFB,
then one can obtain the term (axePB / aVTe)VTe from (3):

11



<(axePB /aVTe)VTe>t = erP - xePB =~ 144r/1q m?s7!,

A generalised set of calculations with yeHP = (O.8+a(VTeO+V'}e)) NT/ 1

m2s-1, where o is analogous to 9xL° /dVT,, was done in order to check
the estimation above. Values of a were determined by finding the
minimum in the sum of the square differences between calculated and
measured temperature data for each crash separately and after averaging a
value of afr) VT.o(r) = 116 + 0.22m?s™! was obtained. The reasonable
agreement found between the values obtained above means that the
simple relationship (3), averaged in time, is a good representation of yeHP
even when VT, varies significantly in time and space.

The next step is to examine the x(Te) dependence. For x¢IB ~ T, equation

(3) can be rewritten as

T
erP(r,t) — xePB+ oxePB e~

which, after averaging in time becomes

HP _

Yo = <erP (r,t) > = xepB 1+% + 0 —+ 5)

A value ¢ = 2.5 for both pulses was obtained from (5) when it was assumed
that xeP'B = 0.8 xeff for both the mixed heating and the central heating
cases. A comparison of heat fluxes in these pulses was done previously in
[12]. It was shown that the variation in yeff could be connected with the
variation in VT, otherwise yeff would have to have a strong temperature
scaling, e.g. T2-3 (it was supposed that Te = Tj = T in these high density
plasmas). These results, together with the results from the present HPP
study, suggest a e dependence on VT or on a mixed Xe = Xe (Te, VTe,)
dependance, but not on a simple Te dependence only.

12



3.1

3.2

RESULTS FOR 1.5MA AND 3MA DATA
Pulses with ICRH

A comparison of xeHP values obtained for on-axis ICRH heated 1.5 and
3MA plasmas with B, = 3T together with the power balance ye¢s values
are shown in Fig. 6. The yeff valves used were obtained either from
TRANSP analysis (see the brief description of TRANSP in [13]) or from
CHAIN-2 [26]. It is seen that the variations in %eH are consistent with the
changes in Xeff when the plasma current varies from 1.5MA to 3MA [12,
14]. In order to compare %eHP in 3MA plasmas with those of 1.5MA
plasmas, consider the very simple temperature and radial dependence

3/2
Xer = f(r Te(r)/rinv)

r 6)
where f is a constant. This approximate relationship usually is in
reasonable agreement with the weak radial dependence in ¥HP found for
most pulses. A comparison of the f-values obtained for the zone (r; +r3)/2
are shown in Fig. 7. Results for low-quality HPP with S < 2 are indicated by
additional circles. More 1.5MA pulses need to be analysed, but the values
of f appears higher in general for 1.5MA plasmas than for 3MA.

Pulses with NBI

A similar analysis was done for 3MA NBI-heated plasmas in L and H
modes with B, = 3 T. The xHP results obtained are shown in Fig. 7 as
squares. One can see that low xcHP values with very low values of f
existed in some pulses with NBI. These points are from heat pulse
propagation from single sawteeth crashes in hot ion H mode pulses. f can
vary through one order of magnitude for various 3MA pulses. This
means that the simple T.3/2 dependence (6) does not give a reasonable fit
to the whole data set.

Radial dependencies of the form

1T = const-r? /rf’nv T (7)

13



with x = 1 or 1.5 and various y and 8 (y and 6 are connected if we assume
xeHT has a reasonable radial dependence) were also checked. The results
obtained were similar to that shown in Fig. 7. Therefore these simplest
relationships (7) cannot represent the yoHP values obtained for L, H and
hot ion H modes plasmas.

Let us consider the changes in ¥eHT with the transition from L mode to
hot ion H mode in more detail. In the two identical pulses, 26290 and
26292, the NBI power was initially 2MW and was increased to about
11IMW in the hot ion H mode phase. The values of yeHF for the 2MW L
mode period and y¢HP at the end of the hot ion H mode are shown in Fig.
8. Unfortunately we could only obtain the upper limit of xHP for hot ion
H mode crashes because the location of r1 was too close to the inversion
radius to provide a suitable boundary condition. However, it was
estimated that the real value of yeHT was probably 20-30% lower. It is
clearly seen from Fig. 8 that x¢HP does not increase on making the
transition from a 2MW NBI L mode to a 11MW hot ion H mode. In fact it
decreased for a 13MW H mode in pulse 26801 (curve 3 on Fig. 8). The Te(r)
profiles for these pulses are shown in Fig. 9. The value of Te (R = 3.6m)
increases by an approximate factor 4 from curve 1 to curve 3 in Fig. 9,
while xeHP decreases. Similar low values of x.HP were obtained for the
near identical pulse 26792 and for the ISMW hot ion H mode pulse 26764.
The correlation between low values of xeHFP and high confinement is
clearly seen. No known simple dependence xe (Te,VTe) can produce the
xeHT values obtained in Fig. 8 together with those in Figs. 5 and 6.

Let us now consider the changes in x¢HP during various stages of an H
mode. The evolution of Te (r = 0.35, t), PNBI(t) and stored energy W(t) for
pulses 26792 and 26801 are shown in figures 10 and 11 respectively. Each
pulse had two crashes which occurred during the H mode. In pulse 26792,
xeHP was at least 1.8 times higher for the second crash than for the first.
The observed increase in xcHP was well correlated with the decrease in
energy confinement. For this second crash, the slow decay of Te(r, t) began
after the reduction of NBI power from 14MW to 7MW. This was taken
into account in our calculations. The value of y.HP was 1.3 times higher
for the second crash (PNB] = 7MW) than for the first in pulse 26801. The
HPP at r > rmix] was very slow for this crash. A value yeHP <0.7 m2s1 for r
> 'mix1 was obtained with the one boundary method [4]. Confinement
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3.3

remained high following this crash. The difference in y<HT between the
first and second crashes in pulses 26801 and 26792 is evidence for the
correlation between yoHP and energy confinement during the plasma
evolution through the H mode stage.

The relationship between yHP and xeff for a wide range of pulses is
shown in Fig. 12. Pulses with I from 1.5 to 5MA, and various heating
scenarios ICRH, NBI, ICRH + NBI, with additional power from 2 to 22MW
and with 4He, D, H gas fill are presented. It is seen from Fig. 12 that, in
general, the variations of x¢HP due to parameter changes are not
incompatible with those observed for yefs.

For most of the pulses studied the amplitude of the density perturbations
was either very small or was not seen in the interferometer signals.
However, for some pulses the electron density perturbation was stronger
and possibly could have affected HPP in some crashes.

The Relaxation of % After a Sawtooth Crash

For the results presented above, the time period between the beginning of
the crash and the beginning of the HPP study, ty, was typically about 2 ms
(see Fig. 3). The question concerning the sensitivity of the observed yHF
to to naturally arises. Increasing tg from 2ms to 6ms (with t; = 12 and 8ms
respectively) gave approximately a 20% decrease in oHI' while increasing
t1 from 8 to 16ms (with tgp = 2ms) gave a 10 - 15% reduction. These
reductions were stronger in the hot ion H mode. For example, for pulse
26801, yoHP (tg = 2ms, t1 = 8ms) = 2 xeHP (tg = 6ms, t; = 16ms). Similar
results were obtained for pulses 26792 and 26764. Moreover, xeHP for pulse
26792 was close to 0.5m2s"! after the relaxation of ye.

Approximately half of the observed variation in time can be explained by a
linear dependence of e on Te and VT (but not for the hot ion H mode).
This implies that xeHP could be constructed from two parts: yeHP=yeoHP(r,
t) + Xef{f}é (1), where YeaddHF (t) = ayeoHT et/T. (t = 0 corresponds to that
time delay t;). The values of o and 1 are correlated and for 1t = 5ms, a. = 0.7
(to = 2ms). There is obviously a complicated relationship between xei}:ﬂ

(t) and the real variation of electron conductivity in time and space:
Ye = Xel B (TeVTe,..) + Xeadd(r, t). The observed value of the ratio
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xeadd(O)/x?P(O) = 0.1 ~ 0.2 (with tp = 2 ms) and has a complicated

variation in time and space. For the hot ion H mode, Xeadq (0) ~ 0.4 m2 s-1
(top = 2ms).

The picture of the evolution of ¥¢HP and % drawn above is approximate.
Such an interpretation implies that the values of x¢HT obtained earlier
have to be reduced by 20-30% for most pulses and by a larger amount for
hot ion H modes (about 0.7m?2s-1 with relaxation taken into account). This
relaxation in x.HP made the correlation between y.H and confinement in
shots 26801 and 26792 even clearer. The ratio of yeHP/yeff from Fig. 12,
taking the relaxation of y, into account, varied between 0.8 and 2.

We have demonstrated that, based on the above interpretation of y.HP(t),

the T(r,t) decay in the zone riny < r < rpix1 can be studied with the new
method.

4. RESULTS FOR LOW-q-DISCHARGES

The Te (r, t) evolution during 8MW ICRH in a limiter 6MA pulse is shown in
Fig. 13. The Te(r, t) evolution on a faster time scale is shown in Fig. 14. It is
clearly seen that the complete gradient zone lies between riny and rmix1. The
HPP was analysed for two very similar pulses, 18058 and 18074. The averaged
xeHP values obtained from 9 sawteeth in both pulses are shown in Fig. 15 by a
solid line. A very strong dependence of xeHP on r (xcHP (r) ~ r2) was obtained.
The errors bars shown correspond to the variance in y.HP obtained for each
crash with the common radial dependence x¢HP ~ r2. The real errors may have
been larger due to the strong radial dependence, especially for the region r ~ r3.
Let us also note that additional systematic errors could have arisen in the
experimental data for r > 0.75 due to geometry and errors in VTe/Te. The quality
of the heat waves, as qualified by the parameter S, were also poor because of the
very large values of rmix1 and VTe/ Te.

Other natural phenomena sometime give additional opportunities for HPP
studies. One can see from Fig. 13 that an instability can occur at r < rijpy which
very quickly transports heat to the rpp region. Later, at r > ry3 this heat wave
looks very similar to HPP. Such heat waves were studied on T-10 [15], and it was
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shown that %o/l (let us name the xHP from an instability %el’) can be

significantly less then yeHP from sawteeth. This type of HPP has not previously
been studied on other devices.

The one-boundary method [4] has been applied to the JET pulse 18074 to obtain

H HP

xemp. One can see from Fig. 15 where the dashed curve shows yein, that the Xein

values obtained are slightly less then yeHFP values. Therefore, at least in this
regime, sawteeth induced HPP represents the electron heat transport but not
other effects.

Let us make a brief comparison of results from the new method in the zone
I < 'mix1 With previous results for r > rmix. For the SMA pulse 10925, PNpB1 was
varied from 7MW to 5SMW. The average value yeHP ~ 6.8m2s-1 for r = 0.8 was
obtained in [16]. In this study xeHP = 3m2s1 at r = 0.6 when PNl = 5SMW. For the
1.5MA pulse 25360, the value yeHP ~ (6 £ 2) m2s-1 for r ~ 0.65 was obtained with
the "single boundary” method [4], and was in reasonable agreement (taking into
account the radial dependence) with xeHF ~ 4m2s-1 for r ~ 0.45 obtained with the
mixture method. It is often very difficult to determine where the boundary
between short time scale enhanced transport effects and the traditional outward
heat wave is located, especially for low-q pulses. Previous JET results [16] may
have been partly affected by these processes, but not in a dramatic manner. The
study of HPP at rjpy < T < rmix1 using the "mixture” method, together with
careful analysis of low amplitude outward HPP using previous methods enables
a wide radial zone to be covered.

5. DISCUSSION AND CONCLUSIONS

A new method for studying sawteeth induced HPP has been described. The
electron temperature perturbation profile in the region riny < r < rmix1 was taken
directly from ECE experimental data and was sufficiently accurate to allow us to

separate in time the crash from the beginning of the Te (r, t) profile evolution
used in the analysis of electron heat transport. The usual shift between the crash

and the start of analysis was about 2 ms. The high amplitude of '}e in the region
Tiny £ T < I'mix1 allowed us to analyse HPP from each sawteeth crash individually.
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The method was applied to the analysis of HPP in 1.5MA - 6MA ICRH and NBI
heated plasmas.

The decay of %eHT in time following the sawteeth crash has been determined. A
part of the observed decrease was connected with the decay of ye from an
enhanced state created by the sawteeth crash and a part was connected with ye(Te,
VTe) dependence. The new method gives us the means to examine the
relaxation of ye in time. For most pulses studied, this relaxation implied that the
xeHP values obtained, with the analysis starting 2ms after the beginning of crash,
had to be reduced by 20-30%. The influence of the ye relaxation on yeHP was

stronger in hot ion H modes. We have demonstrated that the ’I’e(r, t) decay in
the zone riny < r < rmjx1 could be studied with the new technique. The heat wave,
a few milliseconds after the sawteeth crash, behaved in an almost diffusive
manner for most of the pulses examined. The picture of the evolution of ye
presented above remains approximate and needs to be studied in more detail.

The analysis has demonstrated the complicated x¢HP dependence with plasma
parameters. The analysis of HPP in 10MW on axis and mixed (on and off) ICRH
in 3MA L mode plasmas together with the results of xeff variations in these
pulses [12], support a model with strong x.I'B dependence upon VT, rather than
on Te.

Some results for NBI heated 3MA pulses were also presented including examples
of slow HPP found during hot ion H mode plasma. A correlation of slow HPP
with regimes with very good confinement was clearly seen. The low values of
xeHP (about 0.7m2s-1 with relaxation effects taken into account) in H modes with
very good confinement represent good electron confinement and an absence of
significant convective heat fluxes in these regimes (the upper limit of the
convective velocity is about 0.4m/s).

The value yeHP drops during the transition from a low power L mode to a very
good confinement H mode, while the local Te increases by a factor 4. No simple
dependence B (Te, VTe) can produce the xoHF values obtained in all regimes L,
H and VH.

The ratio xeHP/ yeff (with the relaxation of ¥e taken into account) varied between
0.8 and 2 for 1.5-5MA ICRH, NBI + ICRH heated plasmas with additional power
ranging from 2 to 22MW and H, D, 4He gas fill. We have found, in general, that
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the variations of xe.HP due to parameter changes were consistent with those
observed for yefs.

The xeHP values obtained for 6MA ICRH heated limiter discharges have a strong
radial dependence. The heat wave from an unidentified instability was also
studied in these discharges. The corresponding values of yeinHi¥ were slightly
less than xHP.
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Pulse No: 27578
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Fig. 1 The Te(r) profiles before and Ims after beginning of a sawtooth crash
for pulse 27578 (10MW on axis ICRH, 3MA).
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Fig. 2 Te(r,t) evolution for pulse 27578.
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Fig. 4 The dependence of the sum of square differences between calculated

and experimental data, M, to the normalised value of xeHT for
pulse 27578.
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Fig. 8
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Pulse No: 26792

1.251- pyg(t), MW

JG93.150/4

1.00

0.75 1 1 ] 1 |
T, (0,35.1), keV

W(t), MJ
8.5
8.0
75 | 1 1 L J
14.2 14.4 14.6 14.8 15.0
Time (s)
Pulse No: 26801 1
8l T,(0,35,t), keV
_2 gg
5
n 3
mN
. —1 L
] i | i 1 *—J\l

1.0 Pypgit), MW

T
/

0.5
9 e
W(t), MJ
8._
7 | | | 1 ] ]
14.2 14.4 14.6 14.8 15.0 15.2 15.4
Time (s)

Fig. 10,11  The evolution to Te(r, t) at r= 0.35, PNBi(t), stored energy W(t) and
xeHT in pulses 26792 and 26801.
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Pulse No: 18074 JGY2.67172
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Fig. 13 Te (r,t) evolution in 6 MA limiter discharge with 8 MW on axis
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