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A new source of Heat Pulse Propagation (HPP) is found in JT-60U RS plasmas. HPP is
created by abrupt in time and wide in space variation of heat diffusivity ("event”). Events are
seen as the simultaneous rise and decay of electron temperature Te on two zones. For the event
described in present paper, the region of strong Te rise (~20 keV/s) is well localized (~4 cm) in
space initially. Later in time, a slow diffusive broadening of the rising Te perturbation is seen
throughout ITB region. The HPP is analyzed analytically and numerically. Values of the
electron heat diffusivity as low as ~0.1m?/s are found in the region with ~8 cm width fully
located in positive shear space zone. A similar low value of the ion heat diffusivity is obtained
for ion HPP. An important consequence of HPP analysis is an absence of electron and ion
"heat pinch" in the ITB region.
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1. Introduction

An understanding and controlling of ITB properties are one of the
mostly important issues of today’s tokamaks fusion program. The record value
of the DT-equivalent fusion-power-amplification factor Qpr 3=1.25 was
achieved recently in RS discharges with ITB in JT-60U [1]. Significant
progress is seen in the development of the Steady State RS (SSRS) scenario [1]
and Steady State high-f, scenario [2] in JT-60U plasmas with ITB. The RS
mode is considered to be one of the feasible modes for the steady-state and
enhanced performance operation in ITER [3].

Key factors involved in the processes of the ITB evolution during RS
and normal shear discharges have not been fully understood yet. A lot of
experimental studies concerning this topic have been performed on JT-60U.
Characteristics of the ITB for RS plasmas and high-B, plasmas (with normal
shear) were compared [4]. Two types of ITB, "parabolic” (or weak) and "box"
(or strong) type, were observed and transport properties for these cases were
analyzed [5]. Fast transient phenomena (events) were often observed in plasmas
with ITB; sudden rise or decay of temperature near outer boundary of the
strong ITB region in RS plasmas [6,7] and discontinuous in time improvements
of the ITB properties in normal shear plasmas [7,8].

The events were studied in details recently [9,10]. It was shown that

events are seen as an appearing of “bipolar” perturbation of T, - the
simultaneous rise and decay of T, on two zones separated by the region without
variation of T, (located near the minimum of q profile q,;, in many cases).

Events are the common intrinsic feature of the various JT-60U RS pulses with

strong ITB, with weak ITB and without ITB. T, variation after event is
strictly created by abrupt (within few ms) . variation at time of event. Spatial
region of ¥ reduction (or increase) is wide in space (sometimes around 0.3 of
minor radius) and well extended to the zone of T, decay (or rise). In many

cases this spatial region spreads well to the positive shear space zone.

_.1_
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A major problem in clarifying the nature of local heat transport in
tokamak plasmas is the lack of accurate direct measurements of the local heat
fluxes. Usually these fluxes are obtained from detailed power balance
calculations. However, it is not easy to separate electron and ion heat fluxes
from the total flux, especially in some of the high performance regimes.
Moreover, even knowledge of heat diffusivities obtained from power balance

Xei is not enough to fully resolve a structure of heat flux. The reason lies in

old, not fully resolved question of existence of a ‘“heat pinch” (or a large

inward convective heat flux) in tokamak plasmas [11,12]. In this case ¥ ;"
values are not real values of ) ;, but are smaller values linked with difference

(for nearly steady state conditions) between large outward and inward heat
fluxes. The study of heat pulse propagation (HPP) is a powerful tool to obtain
crucial information about heat flux structure. Many analytical and numerical
methods for HPP studies were developed, in particular, for ECRH induced [13-
16] and sawteeth induced HPP [16-20]. The way of HPP study development was
not easy. Some of the results of sawteeth induced HPP study were strongly and
unpredictably varied without any connection  with plasma parameters
variation. “Mystery” of sawteeth-induced HPP study was especially clearly seen

in TFTR results [18], where values of ¥, (described just below) obtained by

time-to-peak method [17] were increased by 5-10 times during quasi-steady-
state plasmas evolution seen just as a light amplification of sawteeth crashes.
The question, arisen many times in discussions at conferences and workshops,
was: “ Is it possible with HPP study to obtain anything related to the heat
transport ? .

The value measured by HPP analysis is not . value but x."" =8T, /

p

(n,VOT,) value, where y." is dynamic electron heat diffusivity, 8T, is the
electron thermal flux perturbation, n, is electron density and dVT, is electron
temperature gradient perturbation. For L-modes with central heating, x.""

values are usually few times greater than . ° values [15,18] (so called

._2_
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“enhanced HPP”). This difference can be explained by either a dependence of

¥Xe on VT, [11,18], or by the presence of a large convective inward heat flux
(so called “heat pinch”) [11,12]. A . dependence on VT,, however, does not
affect the diffusive picture of HPP since we can write [11]: X" =% = + (3 (e’
[0V T, ) VTe. The study of outward enhanced HPP does not usually alloW us to
separate Y. dependence on VT, from presence of “heat pinch” [11].

A “mystery” of sawteeth induced HPP was resolved by creation of the
new method [21-22] for HPP study by analyzing the decay of temperature
perturbation induced by sawteeth. All previous methods for the sawteeth
induced HPP study were based on numerical or analytical analysis of the
outward HPP. This analysis of the decay is neither the study of pure outward
nor inward HPP but in some sense the study of the spread of the initial
perturbation in both directions simultaneously. One of the advantages of this
method is automatical exclusion of so-called “ballistic” phase [23] of HPP from
the analysis. “Ballistic” phase is seen as short-time scale (within one ms usually)
and sometimes very wide (up to 0.9 of minor radius in low-q JET pulses [22])
spreading of the temperature perturbation after MHD-phase of a sawteeth
crash. Previous results of sawteeth induced HPP study (especially on TFTR and
JET due to powerful sawteeth in many regimes) were sometimes distorted in
an unknown manner by the “ballistic” phase incorporated invisibly into the
analysis.

P

Typical values of %, are equal to few m*/s near half of minor radius

in on-axis heated L-mode plasmas [15,21,22]. The problem of “heat pinch” is
not fully studied for these regimes. An absence of significant “heat pinch” was
proved for some improved confinement regimes. Low values of %."* ( near
0.7 m?s) were determined from sawteeth induced HPP in VH-mode JET
regimes [21,22]. The upper limit of convective velocity was about 0.4 m/s.

Slow inward HPP was observed during off-axis ECRH in L-mode on T-10 [24]
and during off-axis ICRH in Pellet Enhanced Performance (PEP) L-mode on

- 3 -
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JET [25]. Surprisingly low value of ¥, = 0.14 m*/s was obtained on T-10

[26], when outward HPP was created by on-axis ECRH imposed on a broad
steady state T, profile created previously by off-axis ECRH. Two groups of

gyrotrons with two different frequencies for simultaneous on- and off-axis
heating were operated together during HPP. These experiments demonstrated
the absence of significant inward convective electron heat fluxes during some
of the good electron confinement regimes. However, the experimental data
could be described by a complicated “canonical profile” model [27] in which

the inward convective heat flux disappear with large deviations of the T,

profile from the “canonical” one. This model also gives reasonable agreement
with some of the JT-60U RS discharges [28].

Traditional reasons of HPP are. variations of heat sources or sinks or
fast redistribution of temperature profile by sawteeth crash, pellet injection,
etc. Inward HPP created by simultaneous temperature rise or decay in all
volume located outside ~0.3 of minor radius due to “fast” L-H-L transitions
was analyzed in [29]. Sudden simultaneous (within few ms) drops or rises
(umps) of % in 90% of plasma volume are seen during “fast” L-H-L
transitions observed in some regimes of JT-60U [30] and JET [21,29,31]. We
can call this HPP as “transition induced HPP”. It is HPP from the boundary of
the region covered by abrupt variation of y to the not disturbed region.

By our up to date knowledge, HPP was not studied neither in ITB region
nor in any region of RS plasmas anywhere in the world. Profiles of . ; were
obtained by transport codes calculations for nearly steady-states conditions.
Transport properties of the ITB in positive shear zone were never analyzed in
JT-60U RS discharges because no one example of quasi-steady-state plasmas
with ITB formed in positive shear region is known.

Behaviors of T, and T; during ITB evolution after strong ITB

formation in an RS pulse are presented in Section 2. Profiles of ). variations

for two events are evaluated. Electron and ion outward HPP created by the last
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event fully located in positive shear zone is described. It is HPP throughout
ITB region with confinement abruptly improved by this event. Electron and
ion HPP is analyzed analytically and numerically in Section 3. The way to
obtain analytical method, originally created for ECRH-induced HPP [14], is
also briefly described in Section 3 because it was never published in English.
Consequences of HPP analysis for a heat flux structure inside ITB are
highlighted in Section 4. A new interpretation of a very slow HPP measured in
one unusual regime of T-10 is proposed in Section 5. Summary is the content

of Section 6.

2. ITB evolution after strong ITB formation in pulse E32423

In the present paper we analyze the experimental result of an RS
discharge E32423 in JT-60U in time interval from t = 6.56 to 6.67s. Some
results of this shot were reported in reference [32]. This shot was studied in
more details recently [10]. Many events were found and three of them were
described in terms of abrupt electron thermal diffusivity variations &Y.
Plasma parameters are the following; the major radius at the magnetic axis Ro
=3.3m, the minor radius a=0.86m, the elongation k=1.45 and the toroidal field
at the magnetic axis B, =3.8T. The plasma current I, is increased to create the
RS configuration and becomes constant I, = 1.5MA after t = 5.6s. The plasma
is heated by the NBI.

Waveforms of this discharge around our time interval of interest are

shown in figure 1; the stored energy measured by diamagnetic loop Wg;,, the
injected NB power Pyg, the ion and electron temperatures T; and T, near

p=0.5, where p denotes the volume averaged minor radius normalized by the
radius of a separatrix magnetic surface. The time of strong ITB formation is

labeled by an arrow A. A profile of 3y, (r) for this event A was obtained in

reference [10]. Times of two another events are labeled by arrows B and C

consequently.
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Radial profiles of T; given by the charge exchange recombination
spectroscopy measurement (circles), T, by the ECE Fourier transformed
spectroscopy measurement (squares) and n. by the YAG Thomson scattering
measurement (triangles) just before t = 6.560s (event A) are shown in figure 2.
These profiles are determined in a magnetic configuration given by an
equilibrium calculation with q profiles measured by MSE. The profile of q at t
= 6.72s is shown by dotted line in figure 2. The profiles of T, for t = 6.605 s
(before event C) and for t = 6.67 s (dashed and solid lines on figure 2)
represents temperatures evolution with clear signs of ITB formation in outer
region. ITB “foot” is still not well seen because the transient process of

temperature evolution is not finished yet. In the present paper we mainly focus

on the analysis of the T; and T, evolution after event C.

2.1 Abrupt variations of heat diffusivity after strong ITB
formation

The ECE heterodyne radiometer with the 12 channels high space
resolution (1.7cm half width for this pulse) [33] is used for detailed T,

measurements. Absolute calibration is done by using the data of Fourier ECE
measurement just before the event, like it was done in references [9,10,32]. An

evolution of T, measured with radiometer is shown on Fig. 3. A variation of
T. after event A was described in details in reference [10]. It is seen as
simultaneous rise of T, |.¢ (T, on channels 1-6) and decay of T, .1 . Spatial
regions of T, rise and decay are separated by the region without T, variation (

channels 7 and 8). Radial position of channel 7 is located near q, . It is a
typical picture for numerous events seen throughout various stages of ITB

evolution in pulse 32423 [20] and in other RS pulses. A profile of 8y, for the

event A was obtained in reference [10] and is shown in Fig. 4 by dotted line.
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Event B is seen as sudden simultaneous appearance of the negative values

of 89T, 1.6, 9 /0t at and positive values of 60T, 1,12 /0t. An appearance of the
discontinuous change of T, is explained in reference [10] by the jump of Y, in
time across the event at t = ty. It is changed abruptly at t = tp from Y, to ¥ +
Y. . The difference of transport equations between two phases is given as

follows.
1.5n, 89T/t = -div {n. [8)Ye VTe + (Y + 0))OVT,]} (1)

An influence of possible perturbation of the density flux is estimated
analytically and numerically in reference [10]. We regard this influence in the
present study. In order to obtain the value of &Y. from the measurement of

ddT./0t , we integrate Equation (1) over volume. Because of the limited

measurement accuracy, we use the time averaged values for tp <t < ty + At
instead of the instantaneous values just after t = to . In the present study an

interval of At = 10 ms is adopted for the event B. The relation between &y, and

00T./dt is expressed as

<OYe> + <(Ye + OYe) OVTe>/ VT,
- V(1)

1.5 { ] n, <69Ty/3t> dV}/{n, VT, At)} )
0

where brackets <> denote time averaged quantity, A(r) is the surface area of a
magnetic surface at a minor radius r, and V(r) is the volume surrounded by
this surface. The second term in the LHS of equation (2) originates from the

diffusion spreading of the perturbed temperature 8T, , whose weight in

equation (2) is small unless At is long.
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The corresponding profile of positive 0y, obtained for the event B with

Equation (2) without second term in LHS is shown on Fig. 4 by solid line. We
call event B - a “partial degradation” of ITB.
A spatial region covered by events sometimes is not located around

position of q,,,. An event C is seen as strong rise of T g ¢ at (8dT./dt ~ 20
keV/s in first 10 ms after time C) and some small negative 8dT./dt at channels

11,12, i.e. event C is fully located in positive shear zone. We expect that

negative values of 00T./dt should be seen outside channel 12 also, but
uncertainty of T, behavior outside channel 12 is not important for our analysis.
The spatial zone of T, rise is very well localized in space. It is suggested in our
analysis that the region of T, rise is located between the left boundary of the

half space resolution of channel 8 and the right one of channel 9 (~ 4 cm

width). The corresponded profile of negative &Y. obtained with Equation (2)

1s shown on Fig. 4 by broken line. The 5 ms time interval was adopted in this

case because of faster thermal diffusivity created spreading of the initial 8T,
in space due to small ~ 4 cm width of 8T, rise region.

We call event C “improvement of ITB” in positive shear zone. The

strong rise of Te g9 1is created by heat flux “trapping” in the similarly space
localized region of the inner edge of X. improvement (see Fig. 4). The total
result of events B+C ( or sum of on the &y, profiles created by events B and C)
on d). profile is a light degradation of the confinement inside position of g,

and an improvement outside position of q,,,. It is a way of outward ITB
motion.

Profiles of &), obtained from Equation (2) are inversely proportional
to VT, values. As described in the beginning of Section 2.1, VT, values are

obtained from heterodyne absolute calibration against Fourier ECE

measurements just before event A. The local structure of VT, could be lost

easily with such a calibration from low space resolution measurements.

__8_
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2.2 Comparison of T, and T; space-time evolution

An evolution of T; is shown on Fig. 5. Now we analyze thin details of T;
and T, space-time evolution by comparison of Figures 5 and 3. Our goal is to
understand similarity of the transport processes of T; and T, and to cross-check
positions of T; and T, measurements. The time resolution of T; measurements

is 17 ms. The total halfwidth of the spatial resolution of T, measurements is

about 7 cm while the same value is 1.7 cm for T, measured by radiometer.
The sudden rise at the time of event C is seen on Ti;p (Tj2 18 T
measured on channel 12). The increase of T,;, is saturated at the end of time
interval shown on Fig. 5. These features of T;;, behavior are exactly similar
to the T, g.9 evolution. The rise of Tj;3 is seen after t = 6.635 s ( clearly seen

for measurement averaged over 17 ms time interval with center located at t =

6.653s). The increase of T.jq is seen after t = 6.62 s and the rise of Ty is
seen after t = 6.640 s. An increase of T,q, is not seen in our time interval ( up

to t = 6.670 s). With a position taken with ~1 cm outward shift against of space

location of T.;; we should see T, evolution (gypotetically measured with T;

- space and time resolution) exactly like one can see on Tj;3 (t).

Positions of T.; and T.j, were taken equal to 0.37 and 0.66m in
reference [10]. Positions of T; are determined in a magnetic configuration

given by an equilibrium calculation with q profiles measured by MSE. Radial

locations of T3 and T;j, are rj13 = 0.656m and r;;, = 0.582m. Under above
discussed location rjj3 = re1; + 1 cm, position of rj;; is lies exactly between re
g and 1. 9 (r;12 = rjj3 -(0.656m - 0.582m)), i.e. in right place as discussed
above. In reference [10] the value of roq; + 1 cm is 1.3 cm less in comparison
with r;3 value. It means, that under small ~ 1 cm outward shift of r. reported

in [10] against r; , we should see exactly the same picture of strongly varied in
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time and space evolution of T; and T,. This small shift is insignificant for

analysis reported in present paper and in reference [10]. The space location of

r. against r; is successfully cross-checked. A complicated but similar behavior
of T; and T, in space and in time is found. We can prove our result in a longer

time interval but this analysis lies outside of a scope of the present paper.

2.3 Experimental picture of heat pulse propagation (HPP)

An evolution of T, on channels 9-12 is shown in details on Fig. 6. A

rising time delay of HPP from channel 9 to 10, from channel 10 to 11, from
channel 11 to 12 is clearly seen. Schematic picture of HPP is indicated by an

arrows named HPP. A variation of T, profiles during plasmas evolution after
event A is shown in Fig. 7. Profiles of T, before events A and C are drawn by

solid and dashed lines, correspondingly. A propagation of the heat wave front

is clearly seen from comparison of T, profiles, shown in Fig. 7 by dotted lines

(16,26,36 ms after C) and by dashed line (66 ms after C).
A similar picture is seen for ion HPP also. A rising time delay of HPP

from Tj5 to Tj;3 and from T;;3 to T4 is clearly seen in Fig. 5. Schematic
picture of HPP is indicated by an arrows named HPP. A variation of T;

profiles during plasmas evolution after event A is shown in Fig. 8. Profiles of

T; before events A and C are drawn by solid and dashed lines,
correspondingly. Positions of T; channels are indicated by squares on solid

line. A propagation of the ion heat wave front is clearly seen from comparison

of T; profiles, shown in Fig. 8 by dotted lines (15,31,48 ms after C) and by
dashed line (65 ms after C).

3. Analysis of HPP

The first step in HPP analysis is to obtain an experimental value of T,

perturbation 8T, gxp (r,t). An important question is how to subtract slowly
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varied in time background temperature T. gackgrounD (t,t) from T, (r,t) in
order to obtain 8T, gxp (r,t) = T (1,t) - Te BACKGROUND (I,t). An uncertainty

of background subtraction is shown in Fig. 6 by dotted lines. The maximum

value of T, perturbation 8T, gxp max (I,t) is corresponded to the subtraction
of the lower dotted line and vice versa, the minimum value of T, perturbation
0T gxp MIN (1,t) is corresponded to the subtraction of the upper dotted line.

A time behavior of 8T, gxp (rg ,t) = 0T, ¢ gxp (t) is seen in Fig. 6 as

close to linear in 15-20 ms time interval after event C. Detailed variation of

0T. 9 gxp and 0T. 1o Exp Max With time is shown in Fig. 9 by solid lines.

3.1 Analytical analysis of HPP
In this Section we want to describe briefly analytical method for the

study of HPP induced by linear in time perturbation of T;. and to apply it to

the analysis of data described just above. The analytical formulae was published
and applied to the analysis of T-10 data [13,15] but the way to obtain it was
published in Russian only [14].

Let us analyze the heat transport equation in a straight line geometry :
u; (x,0) = a’uyy(x,t); x20, (3)

with initial condition u(x,0)=0 and boundary condition u(0,t)= u,t/1,; u;=du/

dt, u,, = 0°u/0x’. The solution of the Equation (3) is written below :

u(x,t) = u(0,t) ® (z) ; z = x/(2a\t) , (4)
where: ‘

@ (z) = QN1 { (14222) 1,(z) (V1/2) - z exp(-2?)} , (5)

I,@= Q@A) {[exp(y?)dy} 6)

Z
Function
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Y =u(x,t) /u0,t) =P (z) (7)
is depended from variable z only. Function ®(z) is well approximated by

D, (z) = exp (-2.52z) (8)
in the interval 0 < z < 0.8.

The ratio of the temperatures in any positions X, and x,

Vo = ux ) /uix, ) =@ (2) /P (z) 9)

is not exactly described by dependence from z only. Keeping in mind closeness
of @, (z) and ® (z), Equation (9) is rewritten as follows

Yo =2, (2,)/ P (z)=exp(-25z,-2))=DP (A, ) (10)
where A, = (x,-x,)/ (2a Vt). Therefore, the ratio of the temperatures in any
two positions ( under 0 < z, , < 0.8) is well approximated by the function of
one argument z only. Consequently, the algorithm of the thermal diffusivity
evaluation from the experimental data measured in two space positions X , and

X, attimes t,and t, is obtained from the Equation (10):
(213) e =a’= L.56[(x5- X )*/(t,- t)] {In "2y, ,(t)) - In “*(y, ,(t )}, (11)

where x |, is the position closest to the source of perturbation ( higher
amplitude of the temperature).

The formulae (11) is written for the general case covered by Equation
(3) with linear in time boundary condition. We can use it for HPP study with

replacement of u(x ,t) to 8Te(r,t). Keeping in mind possible difference of . ,
Y. and ¥, described in introduction, it is also necessary to replace . to
Yo . For the study of HPP from linear in time 8Te(r, ,t) it is necessary to

correct slightly y, ; function in Equations (9,11) for cylindrical geometry as

was shown by numerical calculations in [14] :
W,y = [8Te (ry,0) / 8Te (1,,0] (r; /1) > (12)

and to replace x,, x, tor, , r,. In order to take approximately into account

the variation of n., expression (12) should be multiplied by (n, (r,) / n, (rz))o‘5
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value. Corrections described above are insignificant usually. The formulae (11)
was checked with transport code calculations for the various conditions [14]
and was used for the analysis of ECRH induced HPP on T-10 [15]. The results
obtained were in good agreement with full transport code calculations [15].
The best time interval for the analysis of the experimental data was found as
the interval 0.15 <y, <0.4 [14].

It is not always easy to measure the ratio of temperatures in two points
exactly correctly in time. It is clearly seen from Fig. 6 that it is easier (means
less error bars) to define start time of the linear temperature variation at the
position r , (r(ch.9)) and to identify time when y,, = 0.4 or 0.3. Equation
(11) is rewritten for one time point. Using small corrections from full

P

Equations (3-5), the new expression for " is obtained :

1™ = C(W,,) [(ra-1,)° /At ]/ In (w5 1(AD) (13)

where At is the time interval passed from the start of the linear variation at the
position r,and C(y, ) = 2.3, 2.41, 2.59 for y,, = 0.4, 0.3, 0.2, consequently.
The optimum 0.3 £ y,, < 0.4 interval is determined for Equation (13).

The values of x.f = 0.11, 0.08, 0.1 m?/s are obtained with Equation
(13) from ratio of 8T, 19 Exp max (t) and 6T g gxp () taken from Fig. 6 for
At = 10, 15, 20 ms, respectively. The values of . = to 0.055 and 0.065 m’/s
are determined with Equation (13) from ratio of 8T, ;o gxp min (t) and 6T ¢

gxp (t) for At = 20 and 26 ms ,correspondingly.

3.2. Numerical analysis of HPP

Regarding perturbations of heat sources and n., HPP is analyzed with

simplified transport equation for 8T, , as usually :

1.5n, 08 T /0t = - div (ne e VO Te) , 1 ST Iy (14)
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with zero initial condition 8T, (r,0) = 0. Left boundary condition 8T, (r;,t) is
taken from the experimental measurements at r=r, : 8T, carc (1) ,t) = 8T¢ gxp
(r, ,t). Right boundary condition is chosen as zero on separatrix radius 8T,
caLc (tg,, ©=0. Profile n. (r) is taken from experiment. The calculated
perturbation 8T, carc (ry ,t), Where 1y ( I=1, N) are radii of comparison of
the 8T, carc (I ,t) and 8T, gxp (ry; ,b), is depended from %" : 8T, caLC
(ry ;1) = 8T carc (e Ty ,0). The optimum value . is determined

automatically from the best fit to the calculated and experimental data by
minimizing the difference

N
M= Y [ [8Tcacce (X8 1210 - 8Texp e (121 ]2 dt

i=1

Equation (14) is solved using an implicit conservative difference scheme
described in [34]. The difference problem is solved with a three point Gauss
eliminating method described anywhere including [34].

Examples of the solution of Equation (14) for three different values of
Yo are shown in Fig (9). In this case r;=r(ch.9) =1, 9, r, = r(ch.10) =1, |,
0T, gxp (r10,t) = 0T Exp Max (10 ,t) are taken. The best fit is obtained with
Xe ' =0.1 m%s (for At = 35 ms). Further we will call such an optimum value
an “obtained value”. The values of x." = 0.12 and 0.08 m*/s are obtained for
At = 45 ms and At = 25 ms, respectively.

For the same calculations with 8T, gxp (rjg ,t) = 8T gxp MIN (F10 »t)
corresponded values of %" are near 0.04 m*/s for At = 35 ms and 25 ms. All

values reported above are in reasonable agreement with x."" values obtained

analytically in Section 3.1.
An important experimentally measured characteristic of HPP is
described by the index of “ quality” of a heat wave first time introduced in

[21,22]. The index is the “relative sharpness” of the heat wave and is defined:
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<S>=<I(8VT,/ 8T.) /( VT, /T > (15)

where brackets <> denote time averaged quantity. This is the experimental

characterization of the sensitivity of conduction term (¥.*° 8VT.) to
“convective-like” terms ( source perturbation, gradual dependencies of X, from
t and T,, etc.). The value of S is decreased in time due to a diffusive spreading

of the perturbation. This is one of the reason why the HPP study is bounded in
time. Not- averaged in time values of the S(ch.9 - ch.10, t) equal to 10.3, 6.9,
5.1, 2.7 are obtained for At = 16, 26, 36, 46 ms after event C, consequently.
The same values for S(ch.10 - ch.11) =11.7, 104, 7.9, 7.3 are found. These
values should be treated as very high because values of S for sawteeth induced
HPP study on JET were equal to 2 or 3 usually [29]. It means that we have high
quality HPP. The space region of the high S values is moved outside with time.
It is the reason why we describe first not HPP study from ch. 9 to ch.
10,11,12 simultaneously in At = 60 ms or 70 ms time interval, but HPP study
from ch. 10 to 11, from ch. 11 to 12 in a different At values.

Now we study HPP from channel 10 to channel 11. Values of ‘5Te EXP
Max (Te 10 ,0) and 8T, gxp max (Te 11 -t} are shown by solid lines in Fig. 10.
Timetraces of 8T, carc (fe 11-t) calculated with 8T, gxp (11 ,t) = 8T Exp MAX
(te 10,t) and 8T, gxp (17 ,t) = 0Te gxp Mmax (Te 11 ,t) for three different value
of x."" are shown by dotted lines. Values of ¥."" = 0.105 and 0.1 m’/s are

obtained for At = 45 ms and At = 35 ms, correspondingly . Values of . =

0.053 and 0.058 m%/s are derived for the same time intervals with 8T, gxp (1]

) = 8T, gxp MIN (Te 10 5t) and 8T, gxp (r2 ,t) = 8T gxp mMIN (Te 11 5t) and

lower quantities " = 0.036 and 0.037 m?/s obtained with 8T, gxp (r; ,t) =

8T Exp Max (Te 10 5t) and 8T, gxp (12 ,t) = 8T gxp MIN (Te 11 »)- Naturally,

higher values y."F = 0.21 and 0.23 m®/s are derived with 8T, gxp (ry ,t) = 8T
g Xe e

EXP MIN (fe 10,t) and 8T, gxp (12 ,t) = 8T, Exp MaX (Te 11 5b)-
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For HPP from ch. 11 to ch.12, values of %." equal to 0.055 and 0.06

m®/s are obtained for At = 55 ms and At = 45 ms time intervals with 8T, gxp

(r,t) = 8T gxp Max (e 11,0 and 8T¢ gxp (r2,) = 6T¢ Exp MAX (Te 12 51).

P values obtained above to a method of the

A sensitivity of the "
T.-BACKGROUND (I,t) subtraction obviously follows from the analysis reported
above. The behavior of 8T, (re 10,11,12 -t) shown in Fig. 6 is seen as quiet

gradual evolution after event C and is well described by the diffusive picture of

HPP from 0T, (ro 9,t) . We have no single evidence to suppose a strongly
varied behavior of TegackGROUND (Te10,11,12;1). Obviously, upper values of
Yo obtained above with 8T, gxp (1] ,t) = 8T¢ Exp MIN (Te n »t) and 8T gxp (12
) = 8T gxp MAX (Te n+1 ) should be treated as overestimated upper limit of
Yo" . Similarly, lower values of %" obtained above with 8T, gxp (11 ,t) = 8T,
EXP MAX (Te n »t) and 8T, gxp (r2 ;) = 0T gxp MIN (Te n+1 »t) should be
considered as underestimated lower limit of . . By our opinion, Y¢"
obtained above with 8T, gxp (ry ,t) = 8T gxp Max (e n »t) and 8T, gxp (2 ,t)
= 8T, gxp MAX (Te n+1 »t) should be treated as “real” values of " .

P values increases with a rise of

A sensitivity of calculated data from "
a width of HPP study region. An example of HPP from r, g to r, ;; 1s shown in
Fig. 11. The timetraces of the 8T, gxp max fOr Ie 9, I'e 10, Ie 11 are shown
by solid lines. Left boundary condition is located on r, ¢ position : 0T gxp (ry
) =0T, gxp Max (Te 9,t). An evolution of 8T, carc at re 1o and r 1 radii
calculated with %."* = 0.1 m’/s are drawn by dotted lines. Values of 8T, calc
(te 11 ,t) with %."" = 0.2 and 0.05 m®/s are shown in Fig. 11 by dashed lines. A
larger deviation of dashed lines from 8T, gxp (re 11 -t) in Fig. 11 is clearly

seen from comparison with the same deviation shown in Fig.10 by dashed lines

also.



JAERI-Research 99-063

Now it is the time to discuss the sensitivity of ¥, values obtained above
inside rg < r < ry, space region from an unknown profile of Yo (r)inrp<r
< rgep Space zone and from really uncertain type of a boundary condition for
0T, on separatrix radius rep, . An exact type of boundary condition on

separatrix is absolutely not important because HPP does not “feel” it during
~60 ms time interval studied above. The heat wave is almost not seen at channel

12 and 1y is located far enough from re |5 . Naturally, the region most
sensitive to an uncertainty of X" (r)inrj; <r< feep zONeE is located between
ri; and rq,. Calculations with various profiles of X" (r)inrj, <r < Igep are
carried out. An influence of unknown " (r 2 rq,) is seen in r;; <1 <177
space region, but almost not seen in rg < r < ry; zone. For example, HPP is

studied with radial profile of ."" given as follows

Yo'l (1) = Yeo ' fOrr<ryy, (16)

Xe™ (1) = Xeo ' + {(r -r1p) /(0.05m)} m*/s forrj, r<re, , (17)

i.e. with strong rise (1m?%s per 5 cm distance) of %" (r) along r for r > 1;5. A
value of ., is varied in Equations (16 - 17) in order to obtain the best fit.
For HPP from ch. 11 to ch.12, values of %¢o™ = 0.1 and 0.11 m?s are
obtained for At = 55 ms and At = 45 ms time intervals with 8T, gxp (11 ,t) =
8T, xp MaX (te 11 1) and 8T, gxp (12 ,t) = 8T¢ Exp Max (Te 12 50) , 1.e. nearly

2 times higher in comparison with that of reported above without radial

dependence of %" (r). It is found that HPP in zone rg < r < ry; is almost
insensitive to an uncertainty of (" () inryp $r< Igep ZONE.
In general, an errorbar level is estimated as e =0.1(0.05+0.17) m*/s

in the region of HPP study.
Ton HPP should be analyzed keeping in mind low spatial resolution

(~7cm) and low time resolution (17ms) of T; (r,t) measurements. As already
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discussed in the end of Section 2, a rising time delay of ion HPP from T;;, to
T;13 and from T;;3 to T;4 1s seen in Fig. 5. The distance between channels is

equal to 7.5 cm. Under the more careful view, the immediate response to the

event C is clearly observed for Tj;3 in Fig. 5. For HPP from r;;, to r;;3 in At=
30 ms time interval, values ;" = 0.4 m%/s are found. The “real distance”
between rj;3 and r;j;, defined from HPP analysis point of view should not be
taken equal to rjj3 - rjj» by an obvious reason connected with 7cm spatial
resolution. Immediate rise of 8T; is seen around r;;, location as shown in
Section 2.2. A value of 8T;;3 should “feel” HPP by inner boundary of its space

resolution region. It means that the “real distance” is approximately equal to

the width of the zone between outer edge of the zone of immediate 8T; rise
around 1;;, and inner boundary of channel 13 space resolution region, i.e.
equal to a few but not to 7.5 cm. Roughly speaking, x;"* should be reduced by
4 times under 2 times reduction of “real distance” between r;;, and r;;3. High
values of x;"* found for HPP between r;;, and r;j;3 are explained.

An influence of space resolution on HPP analysis from r;;3 to rjj4 should

be less seen in comparison with that of from channel 12 to 13. HPP is observed
as gradual process of heat wave propagation from left space resolution

boundary of channel 13 to the same boundary of channel 14. Values of ;" =

0.14 m®/s are obtained for At = 67 ms and At = 50 ms time intervals. The value
of <S> is high and is equal to 5 for At = 67 ms. In general, an errorbar level
is estimated as ;""" = 0.14 (0.08 +0.25) m*/s.

4. Consequences for heat flux structure

Values of x."" reported in the Section 3 are obtained from analytical and

numerical solutions of simplified Equation (14). An Equation (1) is a full

equation for the transport description of any 8T, (r ,t) with non varying heat
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sources or sinks. Reminding that in simplified Equation (14) value of n. "
OVT. should be equal to a full perturbation of the electron heat flux oI, ,

Equations (1) and (14) are rewritten as
1.5n. 80T, /0t = - div{ng [0)c VTe + ()Xo + 0Xec )OVTe 1} =

- div{n, X" 8VT,} (18)

Therefore, expression for " is obtained from Equation (18) as follows

e OVTe =0xe VTe + (e + OYe)0VT.= -0, (19)

Yo' =0V Te/OVTe+ Yo+ 0% - (20)

The diffusive picture of HPP, however, is not affected by %, dependence on
VT, ,ie. 8).= (d . /0VT. ) dVT,, since Equation (20) could be rewritten
(under OVT, / VT, << 1) as [11] :

Yo' =Ye+ (0 Ye OVT.) VT, . 21)

In principle, depending from sign of 0 Ye /OVT, , one can obtain from
Equation (21) or ™" >> %. (“enhanced HPP”), or . << . (“reduced

HPP”). Such an explanation was suggested in [26] for an interpretation of
reduced HPP seen in one of T-10 regimes. Our new interpretation of these T-
10 results is given below in Section 5. Strictly speaking, we can not fully reject
the same explanation and for JT-60U results reported in Section 3. But we do
not see any physical reason for it.

Real . in plasmas is equal to ., measured with power balance . ™ in

any case besides existence of “heat pinch”. For “simple heat pinch” case

electron heat flux I, is described by expression
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Fe=-ne (Xe VTe+ V1 Te) (22)

where V. is inward convective velocity or heat pinch velocity. The value of

Yo =-T./ VT, in this case is not equal, but smaller than that of ¥, . If .

and V. are not varied during HPP, 8@, is expressed from Equation (22) as

OI'e =-ng (e OVTe + V1o 0T:) . (23)

P

A value of ¢."" is obtained from Equation (23) as

Yo =-00¢/(ng OVTe) =Ye + Vre 0T/ OVT, . (24)

A main idea of heat pinch is that two terms in RHS of the Equation (22) are

almost compensated in steady state case, i.e.

xé VT, =-Vre Te - (25)
After substituting Equation (25) into Equation (24), it is rewritten as

Yo =Xe+ Vre 0To/ OVTe = % [1 - (VT / T,) (VT / 8T,)] (26)

For the first time Equation (26) was obtained in [11] and its applicability for
HPP study was checked with transport code calculations. Keeping in mind
Equation (15) for an index of quality of HPP S, Equation (24) now is written

as
Yo =Ye[1-1/8]. (27)

By introducing a factor of disbalansement of heat fluxes in the Equation (22)

B, Equations (25) and (27) are presented in more accurate form as
Vre Te = "(I‘B) Xe VTe (28)

Xe =Xell -(1-B)/S]. (29)
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For B = 1 heat pinch is absent and for § = 0.1 convective heat flux is equal to

90% of conductive heat flux (or ¥ = 0.1 %e).
Keeping in mind Equations (22-27), now we analyze V. values for
results described in Section 3. The basic value of %" = 0.1 m%/s is taken now.

A values of 1/< S > (see Equation (15)) are low enough to be small (0.1-0.2)
varied in time correction in the Equation (27). For example, in case of HPP

from 8T, gxp (rg ,t) to OT. gxp max (r1o »t) in time interval At = 35 ms, the
value of 1/< S > is equal to 0.15. By substituting expression for ). taken from

Equation (29) for . in Equation (28) an expression for V. is obtained

Ve =- % [(L-B)/ (1 -(1-B) / S)] (VT /Te) (30)

A term in square brackets is close to 1 or less that 1 for 0.1< B <1. An upper
limit of this term for O< § <1 isequal to 1/(1-1/8) =1 + 1/S for high values
of S. A Set of Equations (28-30) is valid for HPP with large values of VT,

also. The main uncertainty in the Equation (30) is connected with a value of V

T, which is probably overestimated in the region r. g <r < r. 1 in present
paper ( see discussion about it in Section 2). That is why the value of V. is
probably overestimated with (VT, /T, ) taken from Fig. 7 also. Values of V.

= -0.4 m/s are obtained from Equation (30) for all region of electron HPP
study.
A value of V1, = -0.35 m/s is obtained from Equation (30) for ion HPP

from the ion channel 13 to the ion channel 14.

5. Discussion

We want to try to interpret now surprisingly low value of %" = 0.14

m?*/s which was obtained in one of the regimes on T-10 [26] (already briefly
described in Section 1). The reason to discuss it here is that for many years this

L-mode result was a “single point” without any reasonable explanation. It is the
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only one known in the world result similar to HPP study described in the
present paper.
The outward HPP was created by on-axis ECRH (0.4 MW of the

absorbed EC power) imposed on a broad steady state background T, profile

sustained by off-axis ECRH (0.9 MW of the absorbed EC power) switched-on
100 ms before. Sawteeth oscillations in this low-q regime (I, = 0.4 MA, q=2.2
on liner, B, = 3 T) were almost instantly suppressed by off-axis ECRH

switching-on. The %" = 0.14 (0.08 - 0.2) m®*/s value was obtained in 2 cm

spatial zone (at 0.45 of r/a) located near former sawteeth “mixing radius”. It is
known, that “sawteeth double reconnection model” [35] is usually capable to
describe sawteeth oscillations on T-10, even in low-q regimes [36]. There are
two q=1 surfaces in this model because q profile is not monotonical outside
sawteeth inversion radius. The first q=1 surface lies on the inversion radius
position and the second one lies on the “mixing radius” position i.e. exactly in
the spatial region of HPP study.

The current profile j(r) was almost frozen and just slightly redistributed
and broaden during 100 ms sawteeth suppression phase because of high

temperature (Te (0) = 4 keV) and broad T, profile created [38] (broader in

comparison with the ohmic one). We can expect an existence of the low shear
region near q=1 surface in the experiment described above. Recent results of
T-10 [37] shows existence of ITBs near rational q surfaces under the low shear
created by ECCD around these surfaces.

Now we can interpret 10 years old T-10 result with “superlow” value of

Yo = 0.14 m%s [26] as the first evidence of the ITB existence. The

P

“superlow” value of ¥, was measured in 2 cm zone (0.06 of minor radius)

inside ITB located in the low-shear region around g=1 surface. A total width
of the ITB layér was not measured.
We want to estimate now the value of the “heat pinch” velocity for this

T-10 case. An absence of “significant heat pinch” was claimed in [26,38], but



JAERI-Research 99-063

an absolute value was not reported. By taking Te profile from [38], we obtain

-0.5 m/s value of the convective heat velocity with method described in Section

4. Values of the local Te and ne in the T-10 case are 1.5 and around 3 times

higher correspondingly, in comparison with those values in the region of JT-
60U HPP study described above.

A region of improved confinement inside or, probably, including g=1
surface was seen after pellet injection in JT-60 [39].

Sometimes one can find in a literature a statement about existence of a
large “heat pinch” with tens m/s order of magnitude of an inward velocity. A
convective heat velocity order of 60 m/s was claimed recently for ECRH
induced HPP throughout ITB’s formed near rational q surfaces in RTP [40].

By our knowledge of T-10, JET, JT-60U data, there are no one direct
evidence of the significant heat pinch existence in any confinement regime.
Moreover, as we describe for RS regime of JT-60U in present paper and as
was obtained before on T-10 and JET in another regimes [22, 24-26] described
in Section 1, there are direct evidences of the absence of a heat pinch in all
various regimes with improved electron confinement studied so faf. Small
values of inward convective heat velocity of order of 0.5 m/s ( for T-10 it is
compatible with neoclassical inward convective electron density velocity called
sometimes * particle pinch velocity”, see reference [36]), i.e. two orders of
amplitude less than that claimed in RTP [40], could be discussed only.

Nevertheless, an existence or an absence of a large “heat pinch” in usual
L mode is still not a fully answered question.

Values of (. obtained above are not sensitive to values of VT, because
Yo" values are sensitive to the ratio of 0T, on neighboring radiometer
channels. This ratio is almost not sensitive to variation of VT, values ( 8%
variation of the ratio and corresponded 14% variation of ¥, for two times
variation of VT,). And, vice versa, valﬁes of V1. and of event-created 0y, are

inversely proportional to VT,.
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Results described in present paper are the first step only. We hope to
clarify ITB transport properties in various regimes and in various shear zones
with an analysis of inward and outward HPP that should be done in the nearest

future.
6. Summary

A new source of heat pulse propagation is found in JT-60U RS plasmas.
Abrupt in time and wide in space variations of heat diffusivity (“events”) were
recently described in details in JT-60U RS plasmas [10]. An evolution of the
ITB during 100 ms time interval after strong ITB formation is described. The
first event 1s occurred 35 ms after strong ITB formation. It is ITB partial
degradation. The second event ( ITB improvement) is occurred 10 ms later.
The spatial zone covered by the second event is shifted outside in comparison
with thev first one and is fully located in positive shear zone. The sum result of
two events is an outward shift of the improved confinement zone.

The behavior of T, (r,t) is strongly varied in time and very sharply in
space during 100 ms time interval discussed in this paper. The space positions
of the channels for T, and T; measurements against each other are confirmed
independently from equilibrium calculations by comparison of an evolution of
Te(r,t) and Ti(r,t).

" For the second event the region of strong (~20 keV/s) T, rise is well

localized (~4 cm) in space initially. Later in time, a slow diffusive broadening

of the rising T, perturbation, or an outward motion of a heat wave front, is

seen. In other words, it is a clear picture of outward heat pulse propagation
(HPP) created by event . It is HPP throughout ITB region with confinement
abruptly improved by this event.

A slightly modified analytical method for the study of HPP induced by
linear in time perturbation of the temperature is described. HPP is analyzed

analytically and numerically. Similar results are obtained with both methods.
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The “quality” or the “sharpness” of the heat wave is high due to well localized

in space region of T, rise. Values of the electron heat diffusivity as low as

~0.1m?%s are found in the region with ~8 cm width. Ton HPP‘is analyzed in
slightly shifted outward zone in comparison with electron HPP space region. A
similar low values of the ion heat diffusivity (~0.14m?/s) are obtained. It is the
first study of HPP in RS plasmas of any tokamak and the first study of ITB
properties in positive shear space zone of JT-60U RS plasmas.

An important consequence of HPP analysis for an anomalous heat flux
structure is an absence of electron and ion “heat pinch” in the ITB region. The
low -0.4 m/s value of the permitted electron convective inward heat velocity 1s
obtained. The same -0.35m/s value is found for the ion inward convective heat

velocity
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Fig. 1 Evolutions of Wy, , Pxg, T; and T, for an RS discharge E32423.
Temperatures are measured near p = 0.45. Arrows A, B and C indicates

the events interested in.
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Fig. 2 Radial profiles of T; (circles), T, (squares) and n. (triangles) just
before event A at t=6.560s. Fast time-scale evolution of T, is measured by

ECE heterodyne radiometer with 12 channels inside the region
0.37<p<0.66 between two vertical dashed lines. Profiles of T; for t=6.604s

at event C (dashed line), for t=6.67s (solid line) and q (dotted line) for
t=6.72s are also shown.
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Fig. 4 Profiles of 8y, for event A(solid line and open squares), for event B
(dotted line), for event C (dotted line and solid squares), for sum of events
B+C (shadowed region and solid circles).
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Fig. 7 Profiles of T, : before event A (solid line); before event C (dashed

line); 16,26,36 ms after event C (dotted lines) and 66 ms after event C
(dashed line). Region of T, initial strong rise (source of HPP) is shadowed.
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Fig. 8 Profiles of T, : before event A (solid line); before event C (dashed

line); 15,31,48 ms after event C (dotted lines) and 65 ms after event C
(dashed line).
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Fig. 9 Electron HPP from ch.9 to ch. 10. Comparison of the experimental
8T, (ch.10,t) (solid line) and calculated 8T, (ch.10,t) with " = 0.1 m*/s

(dotted line) , with %" = 0.2 and 0.05 m*s (dashed lines). Experimental
OT,. (ch.9,t) is the boundary condition for calculations and is shown by
solid line.
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Fig. 10 Electron HPP from ch. 10 to ch.11. Comparison of the
experimental 8T, (ch.11, t) (solid line) and calculated 8T, (ch.11,t) with

Yo" = 0.1 m*/s (dotted line) , with Xe & = 0.2 and 0.05 m*s (dashed
lines). Experimental 0T, (ch.10,t) is the boundary condition for
calculations and is shown by solid line.
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Fig. 11 Electron HPP from ch. 9 to ch. 11. Comparison of the
experimental 0T.(ch.11,t) (solid line) and calculated 0T, (ch.11 ,t) with

Yo = 0.1 m%s (dotted line) , with ¥."* = 0.2 and 0.05 m?/s (dashed lines).
Experimental 8T, (ch.9 ,t) is the boundary condition for calculations and is
shown by solid line. For intermediate zone experimental 8T, (ch.10 ,t) is
shown by solid line and calculated 8T, (ch.10,t) with %."* = 0.1 m?s is
drawn by dotted line.
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