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Transport Coefficient and Heat Pulse Propagation
in Tokamak Plasma

By Hiroki YamacucHr*, Masatoshi Yacr** and Sanae-1. ITon**

Heat pulse propagation in Tokamak plasma is analyzed for vari-
ous models of electron heat conduction coefficient y.. Cases in which
initial temperature perturbation induced by electron cyclotron heating
(ECH) and sawtooth are studied. Five models are examined which have
linear or nonlinear dependence on temperature or temperature gradi-
ent. The ratio (xur/xrs) obtained from experiments shows more than 2,
where ymp is the electron heat conductivity obtained from heat pulse
propagation and xrs is that obtained from the stationary power bal-
ance. A model in which y. has a temperature gradient dependence
could explain this ratio quantitatively. Also, xur/yrs is found to have
appreciable radial dependence. Secondly, the problem of deducing yx.
from heat pulse propagation measurements is addressed. It is shown
that simple diffusive models can not explain the experimental observa-
tions on WT-3 tokamak. The equation taking account of the
convective term gives a good fit to experimental result.
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I. Introduction

Since the dominant transport losses in a tokamak are apparently produced by
radial electron heat transport, it is of fundamental importance to experimen-
tally measure the radial electron heat diffusivity coefficient. Experimentally, x.
can be assessed by analyzing the spatial diffusion of a perturbation of the
equilibrium profile of the electron temperature, Z.o(#). The local perturbation
To(7) is measured as a function of time at various positions in the plasma
simultaneously. The sudden change of the central part of the T.o(#) profile as
a result of the sawtooth instability and the local electron perturbation induced
by electron cyclotron heating (ECH) are used as initial perturbation. The radial
diffusion of this perturbation is called heat pulse propagation. Studies of the
propagation of heat pulses following sawtooth crashes and ECH started with the
hope that this approach would yield a local measurement of the electron thermal
diffusivity, independent of the uncertainties of power balance analysis, and
which then might improve understanding of the nature of anomalous
transport.h?

When studies of sawtooth induced heat pulse propagation were undertaken, it
was found that the thermal diffusivity, xzr derived by heat pulse propagation is,
in many cases, much lager than the thermal diffusivity derived from power
balance, xr2.»* Further, different perturbation analysis methods, used on same
data, often give different answer. For the example discussed below, yur is 6
m?/s using the simple time-to-peak method,»® 12 m?/s with the extended time-
to-peak method,” and 5 and 21 #?/s, using the phase and amplitude Fourier-
analysis methods,»® respectively. In the region of interest the power-balance
xrs Was only 1.5 n/s.

It is a long-standing debate whether the difference between xmr and xes is a
genuine property of transport or an artifact introduced by the perturbation. It
has been shown in the literature”® that xuzr can significantly exceed xes if xes
is an increasing function of V7, and that such a dependence is consistent with
global confinement properties. It has also been in the literature®® whether
short-lived turbulence induced by the sawtooth instability itself could speed up
the sawtooth heat pulse, and thus corrupt the determination of yme. This is
normally referred to as “ballistic effect.” A recent analysis of TFTR heat pulse
data seems to indicate that the effect can not be the sole cause for the observed
large discrepancy between ymr and yxps.!Y

In heat pulse propagation study, it has been assumed that the yx. value is
constant and the evolution of heat pulse propagation is governed by diffusive
process in all confinement region. We take a view that the course of discrep-
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ancy between xxr and xrs may exist in these assumptions.

The relevant form of the transport equations and the actual causes of the
confinement degradation still remain an open guestion. With regard to the
actual form of nonlinear dependence of @ and V7T, it is not possible at present
to discriminate between a highly nonlinear, on off-set linear or a critical
gradient relation.'?

In order to address these questions, we formulate next two issues : (1) whether
the thermal conductivity being linear or non-linear dependence on the tempera-
ture or temperature gradient could explain this discrepancy, or not, and (2)
whether the electron temperature perturbation equation including the
convective term could explain experimental observations, or not. These are
tested by numerical analysis.

This paper is organized as follows. In Chap.Il, we review the method to
obtain simple estimates of the y. value from the analysis of heat pulse propaga-
tion and experimental observations. The ratio of electron heat diffusivity yue
to xes is considered. The experimental observations show that, basically, in all
cases xap is above the corresponding yrs typically by a factor of 3. In Chap. III,
we discuss the question whether the thermal conductivity has a linear or
non-linear dependence on the temperature or temperature gradient. Numerical
model equation of heat pulse propagation is solved. It is consequently shown
that x. having a dependence on the temperature gradient (x. < VT, (VT)*? is
not inconsistent with the most experiment results (xue/xrz=2). In Chap. IV, we
discuss whether heat pulse propagation is diffusive process. Comparison study
of the experimental observations with the simulations is done. It is found that
simple diffusive models can not explain the experimental observations on WT-3
tokamak. It is also indicated the model equation taking account for the
convective term gives a good fit to experimental results. Finally, summary and
discussion are presented in Chap. V.

II. Review

The main feature of electron heat transport taking place when internal
disruptions appear are the following. At a certain instant of time during the
discharge, the balance between sources of heat (Ohmic heating, neutral injection,
etc.) and sinks (radiation, internal conversion, etc.) which resulted in a certain
steady temperature profile T.(#») for the plasma column, is abruptly flattened
out to a certain radius, 7. Because of the formation of a magnetic island with
a time scale much faster than the phenomena of normal heat diffusion, the
electron heat diffusion coefficient x.(#) becomes practically infinite from »=0
to » =7, where #=427s, 7s being the singular surface ¢=1. This results in a
practically flat temperature profile throughout the mentioned range as shown in
Fig. 1, so that the central temperature is lowered from »=0 to »=#s and
increased from »=1#;to » =17 at a certain instant of time ; the net or total heat
content is unchanged (Fig. 1).®
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Telr,1)

Tolrl)

Fig.1 Schematic illustration of soft-X-ray diagnostic
chords and the evolution of the electron tempera-
ture perturbation 7(r, ) as a function of time.
The signals below indicate the temporal variation
of the soft-X-ray signals from the various chords
(1-5). At later times #%>#4>% the sawtooth in-
duced heat pulse diffuses outwards from the
radius 7, to which reconnection (flattening of 7%)
takes place. (cited from Ref. [16], Fig. 1)

The resulting heat profile provides the initial condition for our problem with
the points »=7; dividing regions of opposite phase in the heat perturbation.
The phase starts downward inside »=1#s and upward outside.

The determination of the equilibrium state through a precise knowledge of the
amount of radiation, current profile, etc. will no longer be our concern. Instead,
our subject will be the perturbation of this state with an equilibrium temperature
profile Te(7) which can be experimentally observed.?

Let us start with the general equation determining the electron temperature
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3 aneTe(V, t) o 1 0 |—
2 ot T rorl
where 7/° represents Ohmic heating, and 2@ represents other sources and sinks
such as injection, radiation, recombination, etc. (We shall suppress the subscript
in T, and #., for simplicity.)
We shall call To(7) the equilibrium temperature profile just before disruption.
Clearly, it is determined by

THexe ané:, t) }+ P+ 2Q (2-1)

Suppose now a disruption takes place at time ¢=0, leaving the system in the
state T(#», 0) (Fig.1). The evolution from this state 7'(7, 0) at later times
would be described by T'(#, t), which is governed by Eq. (2-1) subject to the
initial condition T'(», t)=T(r, 0) at t=0.

Rather than studying 7°(7, ¢), we shall study the evolution of the perturbation
T(r, )=T(r, t)— To(7), which obviously satisfies the much simpler equation

3 aT(r,t) 1 4 0T (r, t)} _
I TR K (2-3)
and is subject to the initial condition
T(r, )="T(r, 0)— To(r), t=0 (2-4)

The shape of T(r, 0) is shown in Fig. 1.

In obtaining Eq. (2-3), we have implicitly assumed that the source terms and,
in particular, 7/? do not appreciably change during the disruptive process. This
is justified on two grounds. In the first place, it is easy to see that the source
terms is Eq. (2-3) are of the same magnitude as the corresponding ones in Eq. (2
-1), whereas the perturbed-source term which has been omitted from Eq. (2-3) is
smaller by 7/7, assuming constant J and Spitzer resistivity. And, secondly, it
can be shown numerically that the relative change in 7/% does not amount to
more than 39 because of changes in J. We are also neglecting the magnetic
contribution to the kinetic energy which is released at disruption and is indicated
by a large but very localized induced-voltage spike outside 7, that rapidly
diffuses away, since the energy change is less than 109 for the typical cases
considered (This is warranted both by numerical calculations of the disruptive
process as in the reference,'® and by direct calculation using Kadomtsev’s
modelling.'?).

Our task will be to extract as much information as possible on x(#) from the
experimental measurement of 7'(#, {). Eventually, of course, this information
should be fed into Eq. (2-1) so as to help to determine the proper profiles of the
sources and sinks.

Before we try to determine x(7), we should show that Egs. (2-3) and (2-4)
indeed reproduce the experimental observed diffusive temperature perturbation
profiles. To do this, we shall work out an approximate solution to Egs. (2-3) and
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(2-4), assuming that, at least for radii not too large, the density » and the
coefficient y can be taken as constant. Formally, one has in this case

~ 2 ~
T(r, )= [ (', 0)GumodV

3
29
=5
Gy —o represents the Green’s function at time #=0 in cylindrical co-ordinates,
dV the volume element, and the integration is extended over the whole space.

(2-5)

The general form of G is

2
G(7 =7, t=t) = pexp(—gripy |7 — 7/P6(t— 1)

-4

where 0(t—1t) stands for the Heaviside step function, and #, #’ represent
vectors. Since |# — #/|*=»*+r?—2»r'cosd, the angular integration can be
carried out in Eq. (2-5), according to

f dfexp(a®rr’cos0/2t)= 27rlo( drr ) (2-6)

where I, is the modified Bessel function. So, finally, we have
- 2
T(r, t)=%exp(—azrz/4t)

[ ar TG, Oexo(— azr’2/4t)l<aw) 2-7)

A brief description will now be given of a method for measuring x based on
observation of the time of arrival # of the peak of the heat pulses as they are
observed from different radii. A more complete discussion can be found in the
reference.? This method has historical interest since it was the first to be used
for determining x from heat pulse propagation.”® For reasons that will become
clear, the y-value obtained appeared much higher than expected from rough
energy-containment-time calculations.

If we look at the behavior of 7'(r, #) in the simple dipole approximation

l " T Odr = rrsTot(ro— 7)1 Ts (2-8)

where # and 7 are defined as 0< n<7s and 7s< <7, respectively. For Eq.
(2-7) at large t, we may approximate the Bessel function by the small parameter
expansion. This gives

aAr 1

T(r, t)= 3exp(—a272/4t), A=nrsT- : (2-9)
The maximum of 7(r, t) hes at
%Z: ( ?4 + 4t5 )exp( ar*lat)=0 (2-10)

SO
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2
= 871‘1: @-11)
If we plot the experimental time delay () of arrival of the heat pulse peak at
differential radii (#) versus 7% the observed slope should be a straight line
giving directly x for large values of #2. This method obtaining y.-values is
called simple time-to-peak method.

We define that ywr and yxes are thermal diffusivity derived by heat pulse
propagation and that derived from power balance, respectively. No good
agreement is obtained between ymr and xes if the analysis is done on the basis
of a simple diffusive model.'® Basically, in all cases yur is above the corre-
sponding xrs typically by a factor of 3 (see Table 1).

The largest discrepancy is obtained in TFTR with factors >10.'9 The
discrepancy between steady state xers and dynamic ywr heat diffusivity in to-
kamaks may have several causes and gives rise to various interpretations. The
most obvious one, that the sawtooth event introduces perturbed plasma condi-

Table1 Ratio of electron heat diffusivity xsr as measured by ECRH modulation or
by sawtooth (sth) propagation to xrs as deduced from standard power
balance analysis for various experiments. (cited from Ref. | 23 |, Table 1)

Experiment x"/ x° Reference

ASDEX 3 (sth) Giannone ef al 1990

DIII-D =1 (ECRH) Lopes Cardozo et al 1992b

DITE =] (ECRH) Hugill ef al 1988

FTU 1.5-2.2 (sth) Alladio et al 1992b

ISX-B =1 (sth) Bell et al 1984

JET 2.5 (sth) Tubbing et al 1987

JT-60U 2-4 (sth) de Haas et al 1992

RTP 2-4 (sth) Lopes Cardozo et al 1992a

RTP 2-4 (ECRH) Lopes Cardozo et al 1992a

TEXT 2.25 (sth) Brower et al 1990

TEXTOR >4 (sth) Krdamer-Flecken, private communica-
tion

TFTR 1—>10 (sth) Fredrickson et al 1986

TORE SUPRA 2.5-3.5 (sth) Lopes Cardozo et al 1992b

T10 x (sth) Sillen et al 1986

W7-AS 1-1.5 (ECHR) Giannone et al 1991

59



60

H. YAMAGUCHI M. YAGI S.-1. ITOH

tions for the heat wave measurement, may be ruled out by the confirmation of
the discrepancy between ymr and yxrs by ECRH heat modulation studies, too, as
observed on, for example, RTP'” and WT-3'®. Another discrepancy between
the two x. values is the lack of parameter dependence of yzr. In the case of
JET, xue is independent of Ip, P and 7. and is the same for OH, L- and H-
mode plasma in spite of the distinct differences in confinement and plasma
profiles in these various regimes.!?

Only the above mentioned onset or nonlinear relations allow an understanding
of the discrepancy between xmr and yxes and the weak, or even lack of, power
dependence of ymr. The response times for tokamak transport changes seem to
be fast enough so that non-linearities or critical gradient effects can come to
bear during the short time scales of heat wave propagation.?®

The relevant form of the transport equations and the actual causes of the
confinement degradation still remain an open question. There is strong evidence
that both heat and particle fluxes have dependences, as sketched in Fig. 2.2V
With regard to the actual form of nonlinear dependence of @ and V7, it is not
possible at present to discriminate between a highly nonlinear??, on off-set linear
or a critical gradient relation (see Fig. 2).'?

The difference between particle and energy transport could be that in particle
transport the strong non-linearities are introduced by a large off diagonal
element balancing a large diffusive term. But the diffusive term may have a
rather linear dependence on its driving force. Heat transport, on the other hand,
may have small off diagonal contributions but a strong nonlinear dependence of
its flux on the conjugate force.?®

[II. What dependence must yx. being consistent with experimental obser-
vations have ?

1. Basic equation and comparison conditions

Any theory invoked to explain anomalous transport have not been developed.
And numerical simulations based on models for the heat transport have been
compared with the experimental data in order to gain a deeper insight into the
nature. Here, we pay attention to the dependence on temperature or tempera-
ture gradient about model theories. We choose various y models, ie. yoc T
(Bohm type), xoc T%? (Gyro Bohm type), x<V T (Rebut-Lallia-Watkins model),
x<(VT)** (Itoh’s model) and yoc T° (constant coefficient).

Starting from the analysis on the stationary power balance profile, evolution
of the temperature perturbation by use of heat propagation analysis is
examined. We compare values of yuwe/yrs for each electron conductivity,
because the y.-values derived from heat pulse propagation (ymr) differ from
those obtained from the stationary power balance (xrs) in the experiments.

In this chapter, the proposal that thermal conductivity having linear or
non-linear dependence on the temperature or temperature gradient could explain
this discrepancy is tested. Numerical modeling of heat pulse propagation is



Fig. 2
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TOKAMAK

non-linear
~N

~

Q/n

-VT

Y critical gradientl

™ heal pinch

Schematics which indicate the possible relationships between heat
flux Q/n and —V T and particle flux I" and V# for tokamaks. The
hard facts (xur =+ xrs) are indicated. The nonlinear relation between
Q/n and —V T could described by a heat pinch or a critical gradient
model. (cited from Ref. [23], Fig. 13)
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solved as a forced boundary value problem.

Following the work of Soler and Callen,® a mathematical description of the
heat pulse propagation problem is provided, beginning from the general electron
heat balance equation :

%. a%e' ge(rr ¢ 7, 87’[7 ‘e Xe(r t) aT(?’ t)]+2Q (3_1)
where 7. is the electron density; 7. is the electron temperature ; x. is the
electron conductivity ; 2@ represents all electron heat sources and sinks, such
as Ohmic heating, collisional heat transfer to ions, convection, radiation and
auxiliary heating.

A small electron temperature perturbation 7(#, t) of a near-equilibrium
situation is governed by the equation :

3 3T(r,t)_1 3 oT(r, t 3

o e E;z: Mrt)_ v 37[7 He® e g: )}+r 87[7 ne (7, £):
This equation is derived by perturbing Eq. (3-1) and neglecting the additional

term T-?‘—YQN*L;EI— because the equilibrium evolution implied by this term

aTe%(: : t)} (3-2)

is slow and broadly distributed to relative to the highly localized (in space and
time) perturbations 7(7, t) induced by the electron cyclotron resonance heating
(ECH) or sawtooth crashes. Equation (3-2) indicates that heat pulse is explicitly
affected by stationary power balance profile as a background. That is different
from the previous works subjecting to the constant y. condition.

We hypothesize yx.has a dependence on temperature or temperature gradient,
ie.

xe=Const, aT, BIVT|, yT** SV T)*

where a, B, v, & are proportional constants. And we examine the different
effect on heat pulse propagation due to the difference of the various dependence
of y.. At first, as preparing to compare the various dependence on temperature
or temperature gradient in Y., we solve the stationary power balance profile and
determine the values of the proportional constant for each yx. respectively. To

T, t)
ot

be concrete, we set term to zero in Eq. (3-1). And the primary

assumptions are that the electron density #. and all electron heat sources and
sinks 2@ are constant in radius. Furthermore, for the comparison study, we
impose that :

(1) The boundary conditions are that
Too=0(r=a), ZL2=0 (r=0)

in which, « is the plasma radius.
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Fig.3 The stationary power balance profiles for Yconst X
oc T, xyx VT. Ty is the central temperature for
the constant heat conductivity.

Table2 The values of the proportional constants for ye.

Xconst a ﬂ Y J
1.000 14.22 2.612 48.78 4.246

(2) The internal energy WP<E j; =0ane- Teo-dV> for each y. takes the same

value.

Imposing above conditions, we simultaneously determine the stationary profiles
and the values of the proportional constants, respectively. These are shown in
Fig. 3 and Table 2. Figure 3 indicates that the profile for ycc T tends to have
the larger temperature gradient near the edge (low temperature), on the con-
trary, the profile for yoc VT tends to make the temperature gradient uniform.
The reason that the temperature for yoc V7T is higher than that for yoc T at
the center of the plasma is the assumption that the temperature at edge is zero.
If the temperature at the edge is higher than a certain value, it is reversed.

2. Description of the initial temperature perturbation induced by sawtooth
or electron cyclotron heating
We consider that initial temperature perturbation is induced by local electron
heating due to electron cyclotron heating (ECH) or sawtooth crashes. ECH
produces a localized heat perturbation and a well-defined heat pulse propagates
outward. Hence we assume that initial condition of temperature perturbation
induced by ECH is Gaussian distribution, i.e.
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Td7, 0)=A-exp(—B-(r —ra)?
where A and B are parameter, 7. is the peak of Gaussian distribution for the
perturbation.

In the experiments, the ECH could produce a bi-Maxwellian initial distribu-
tion since it has the effect of mixing hot and cold components near the local
ECH radius (7.). Hence, the electron distribution may not be Maxwellian in the
energy range of interest. But, we assume that electron distribution is Maxwel-
lian, because the time scale of interest (0.1 msec < t < 1 msec) appears longer
than the energy relaxation time at these energies [ z./2~30-50 usec].?

On the other hand, sawtooth crash perturbs the temperature equilibrium
profile T.(7»). The resulting temperature profiles are flat from the center to a
certain radius 7» (7» is called the mixing radius). Hence, initial condition of
temperature perturbation induced by sawtooth crash is

Te(V, 0)= Teo#s) — Teo #)

where #s (7s is called the radius of disruption or the inversion radius.) is the
radius where the temperature should show no change. As a result of sawtooth
crash, the central temperature is lowered from »=0 to =7, and increased
from »=7#sto »=rn at a certain instant of time. The net or total heat content
is unchanged. Hence, Tu(7, 0) must meet the following qualification,

/O‘mr’- T#’, 0)-dr'=0

This condition determines the value of #» for a certain value of 7s and the
initial temperature perturbation 7.(#, 0) numerically. In the numerical analy-
sis, we modify the obtained 7. shape smooth near »= 7, evading divergence of
VT.at r=rn.

We are also interested in the variation of y. associated with the perturbation
of temperature. Figure 4 shows that the value of the heat conductivity vs.
plasma radius in case that initial temperature perturbation is induced by ECH.
The value of y. in proportion to temperature gradient are influenced remark-
ably by the perturbation of temperature in contrast to that in proportion to
temperature. It is shown that the value of x. having temperature gradient
dependence is reduced inside the heat pulse and increased outside that. This
characteristic enhancement of y. may cause the discrepancy between the value
of XHP and that of XPB.

3. Study of xur/xrs value for x. parameter dependence
The variation of the heat flux associated with the perturbation of the
tempetature is calculated from the various assumption for the heat conductivity.
Writing 7=To+ T and heat flux.
q=qo+q (3-3)
we define yxup, xes respectively,
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Fig.4 The value of heat conductivity having temperature or temperature
gradient dependence is influenced by the initial perturbation. Figure
4 represents that heat conductivity vs. plasma radius in case of the
stationary power balance (2), the auxiliary heating (ECH) as a initial
perturbation added to the stationary power balance (b) and sawtooth
(o).
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Go=—ne* xpz*V 1o (3-4)
G=—ne xwrVT (3-5)
If we write y=j 0+ ¥, we have
q:—ne.x.vT
=—ne'xo~VTo—ne-()?' gYT‘Mx)-vT (3-6)

Comparing Egs. (3-3)-(3-6) lead to
XPB= X0 (3—7)

VT .
VT.) (3-8)

Using the Egs. (3-7) and (3-8) and the stationary profile according to the model

xup=Xot f'<1+

and the initial perturbation induced by ECH or sawtooth, we calculate the value
of xur/xes for the various models of heat conductivity. Table 3 shows the value
of xup/xes in case of that the initial temperature perturbation is induced by ECH
(for. parameters, A=0.1-T,, B=200/z% To is the central temperature in to-
kamak plasma and « is the plasma radius.). Table 4 shows the value of xupr/¥rs
in case of that the initial temperature perturbation is induced by sawtooth (for
parameter, 7s=0.2-@). The values of xue/xrs in the Table 3 and 4 are those in

the case of %=0 at the radius. Hence, we can directly compare the

value of yar/yes in Tables3 and 4 with those estimated by relation of peak
arrival time and radial position in the experiments. Both Table 3 and Table 4
show y. having a dependence on the temperature gradient is not inconsistent
with values of yup/yrs obtained from experiments. Since most experiment
indicates that values of xur a factor of 2 greater than yps are obtained. Also

Table3 The value of yue/xes in case that initial temperature perturba-
tion is induced by ECH.

r/a=0.4 r/a=05 r/a=0.6
x = const 1.00 1.00 1.00
x=aT 1.04 1.02 1.01
x=yT3"? 1.06 1.03 1.02
x=B|VT| 2.28 2.06 2.02
x=0| VT | 3.01 2.61 2.54
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Table 4 The value of xre/xrs in case that initial temperature perturba-
tion is induced by sawtooth.

r/a=0.4 r/a=05 r/a=0.6
x = const 1.00 1.00 1.00
x=aT 1.00 1.00 1.00
x=yT*? 1.00 1.00 1.00
x=B|VT| 2.07 2.02 2.01
x=6|VT¥| 2.63 2.53 251

seen is that the radial dependence of yme/xes for yx. having a dependence on the
temoperature gradient is influenced by the initial perturbation profile. In
particular, the values of yup/xrs increase near the perturbation radius. How-
ever, the enhancement is suppressed in the simulated sawtooth case as seen from
Tables 3 and 4.

IV. Is heat pulse propagation really diffusive process ?

1. Model equation taking account of convective flux

A mathematical description of the heat pulse propagation problem is pro-
vided, beginning from the general electron equation determining the electron
temperature :

where #z. is the electron density; 7. is the electron temperature; y. is the
electron conductivity ; 7, is the convective velocity ; Y@ represents all electron
heat sources and sinks.

A small electron temperature perturbation 7(7, #) of a near-equilibrium
state may be governed by the equation:

3., 0T(r.2) 3, .—.M_L.i{. ) .M}

e T g T e Ur T T g | M et e )
1.9, . .~.3Te_o(7)}_L. L7 _
+ p” 81’[7 Ne* X 5 o, e T(r, t) (4-2)

and is subject to the initial condition

Te(r, 0): Te(?’, O)— TeO(V), t=0. (4_3)
Here, T.o(7) is the equilibrium temperature profile just before the initial pertur-
bation induced by ECH or sawtooth crash. X@ has been linearized in 7. with
the help of a characteristic damping time constant,? rz=—#.-{0>Q/0T.)"'. We
write xe=xo+ ¥ because we may take account of the case where y. has a
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dependence on temperature or temperature gradient. The models in which v,
=0 and 7z — oo are assumed are called as diffusive models and the models in
which v,=0 is assumed are called as extended diffusive models. As was
demonstrated by Goedheer,?® neglecting the damping term is not always allowed
and can lead to an overestimate of y. by up to a factor of two. Following
Goedheer,?® for T < Te, 7« can be expressed as
Td_1:1<37-‘z 1\ Me 3 77j2 + 1 af)‘md
2\ Teo /Wlifei 2 neTeo Ne 0T
The three terms are the contributions of electron-ion energy exchange, the
Ohmic dissipation and the radiative losses, respectively. Which term dominates
depends on the plasma parameters and, therefore, also on radial position. As is
clear from Eq. (4-2), the damping is important if 7z < A%/x., where A denotes the
typical scale-length of the T profile perturbation. Typically, A= a/3 (a denot-
ing the plasma radius),? so that damping plays a role when K= a?/(zrax.)>10.
But in smaller machines, the damping effect is generally less by using the well
known relation zz=a?/(4y.) for the energy confinement time,” K can be esti-
mated by K =4r./ts, which is often very small.

(4-4)

2. Comparison study with the experimental observations in WT-3 tokamak

We analyze the data obtained from WT-3 tokamak experiments.?® In the
experiments, major and minor radii are R =65cm and a = 20cm, respectively.
The toroidal field was Br<1.757, and the plasma current was Ir<150£A. The
typical electron temperature at the plasma center was 7.2=0.3keV (measured
with Thomson scattering), and the line averaged electron density was #%.=0.4
—0.8X10" cm~® at the center of plasma. The sharply focused microwave from
a gyrotron (w/27 =56 GH;, Pzc <200£W) is absorbed at the secondharmonic ECH
resonance layer, R:q. and produces a local heat pulse around Ree.. In this
paper, R:o. is located on the magnetic axis at any time.

The temperature perturbation profiles at the end of each ECH pulse are
shown in Fig. 5 (a), (b) and (c). These are corresponding to 0.3 ms (a), 0.5 ms (b)
and 0.8 ms (c) in ECH pulse length, respectively. The data points are approxi-
mately on Gaussian distribution obtained by using the least squares fit. It is
plotted in Fig. 6 that the experimental time delay (#) of arrival of the heat pulse
peak at differential radii (») versus #* corresponding to 0.3 ms (a), 0.5 ms (b) and
0.8 ms (c) in ECH pulse length in Fig. 5.2%

For determining the value of yxe, we use the simple time-to-peak method. The
simple time-to-peak method is derived from assuming y. const, v,=0 and 7z —
c in Eq. (4-2). In this experiment, 7z —» o is permitted because K=2 is
obtained by taking a=0.2m, y.=~1m?/s and r..~25ms as a rough estimate for

3 (4r)?
tp

7. If the above assumptions are permitted, from the relation yme =35 , We

roughly estimate the electron diffusivity as yur=2.22+£0.52m%/s, 3.00=1.20m%/s,
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Fig.5

in Tokamak Plasma

(a)

0 S 10 1S
r(cm)

The temperature perturbation profile at the
end of each ECH pulse. These are correspond-
ing to 0.3 ms (), 0.5 ms (b) and 0.8 ms (¢) in
ECH pulse length, respectively.
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Fig.6 The experimental time delay (f») of arrival of
the heat pulse peak at differential radii (»)
(circles: = 0.3 ms, triangles: = 0.5 ms,
squares : =0.8 ms) versus 7%

2.74+0.77m?/s corresponding to 0.3 ms (a), 0.5 ms (b) and 0.8 ms (c) in ECH pulse
length in Fig. 5. Using the values of yxr from the simple time-to-peak method,
we calculate the delay time () versus #% The results are shown in Fig. 7.
We shall consider an approximate solution to Eq. (4-2) obtained by Soler and
Callen,?® assuming that, at least for radii not too large, the electron density .
and the electron heat conduction coefficient y. can be taken as constant, the
convective term and the damping term can be neglected. One has in this case

_ 2
T(r, t):g—texp( —b%r2/4t)

® 7 ’ 7 b277’
A ¥'dr' T(¥, 0)exp(— b2r 2/41,‘)10( 57 ) (4-5)

where b= 2?( and I is the modified Bessel function which is derived in Eq. (2

-7). Introducing the initial condition.
Tor, 0)=A-exp(—B-7?) (4-6)
(is a reasonably good fit to the experimentally observed T(r, 0).), we obtain

T( _ Abz 12,2
7, l‘)—meXD( b*r*[4t)

o _1_ b47,2 }ﬂ _
2l {163t2+4b2t : 4-7
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Fig.7 The time delay (¢) versus »>. Each delay time
represent numerical solutions for diffusivc

model using the initial temperature perturba-
tion corresponding to Fig. 5. (2), (b) and (c).

Setting aT((;;’ 4 , the relation between #, and 7, is obtained as

-5) s

fo= 8%

From this simple analysis the value of 7, at =0 is Vp:%. It indicates that

7p 1s independent of y.. The discrepancy between experimental observation
shown in Fig. 6 and numerical calculation shown in Fig. 7 is seen with respect to
this value, 7»(£,=0). This can not be explained by the simple diffusion models
for any value of yx.. The discrepancy may be caused from the neglection of the
convective flux in Eq. (4-2) because the damping term can be neglected for this

case.

3. Re-examination of x. by an introduction of convective flux of heat pulse
Let us consider the equation assuming that #. and y. are constant values, for
simplicity, and the damping term is neglected in Eq. (4-2), i.e.

3., 0T 3 0T 1) _L.i[ oy L t)} _
D) Ne of +2 Ne* Vr or —'7 o7 V*Ne* Ye or . (4 9)

In this approach, v, is an effective convective velocity of the heat pulse which
represents a radially averaged effect of all contributions including the small
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Table5 The values of x. and v,.

ECH pulse

length(ms) xe(m?/s) | vdm/s)
0.3 6.7 1.9X10?
0.5 7.0 1.9X10?
0.8 7.1 1.9X%x10?

damping effects and the effects of the off-diagonal term in transport matrix.
Hence, v- can not be directly interpreted as the convective velocity. Equation
(4-9) can be solved numerically with Dirichlet boundary condition and two free
parameters, x. and vr, can be determined by fitting the experimental results in
Fig. 6 using the least square fit. The values of x. and v, corresponding to 0.3
ms (a), 0.5 ms (b) and 0.8 ms (c) in ECH pulse length are shown in Table 5.

In Fig. 9, the solid line represents the best fitted numerical solution of Eq. (4
-9) for the experimental results corresponding to 0.5 ms in ECH pulse length.
The dotted line represents the numerical solution for diffusive model using the
constant value of y. obtained from simple time-to-peak method. It is clearly
shown that the discrepancy between numerical simulations and experimental

2 - O T T T
1.5 [ -
=
< 1.0} © l J i
o J
O
/%
0.5 -
T/
o]
I
o/
0.0 &4~ : : :
0 50 100 150 200
r2 (cm?)
Fig.8 The solid line represents the best fitted numer-

ical solution of Eq. (4-9) for the experimental
results corresponding to 0.3 ms in ECH pulse
length. The dotted line represents the numeri-
cal solution for diffusive model using the
value of x. obtained from simple time-to-peak
method.
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Fig.9 The solid represents the best fitted numerical
solution of Eq. (4-9) for the experimental
results corresponding to 0.5 ms in ECH pulse
length. The dotted line represents the numeri-
cal solution for diffusive model using value of
Xe obtained from simple time-to-peak method.

results can be resolved by an introduction of the convective term.
V. Summary and discussion

In summary, we studied the heat pulse propagation problems analytically and
numerically. We first focused to the problem of the discrepancy between the y.
values derived from heat pulse propagation (xzr) and those obtained from the
stationary power balance (xrs) observed in the experiments. It has been shown
in references”® that ywr can significantly exceed xes if yes is an increasing
function of V7, and that such a dependence is consistent with global confine-
ment properties. The question whether the thermal conductivity has a linear or
non-linear dependence on the temperature or temperature gradient was
examined by heat pulse propagation analysis. We next applied the heat pulse
propagation analysis to the actual experimental data and the comparison
studies were made. The possibility that the electron temperature perturbation
equation including the convective term could explain experimental observations
was also examined by the numerical analysis.

In Chap. II, we reviewed the method to obtain simple estimates of the yx. value
from the analysis of heat pulse propagation and experimental observations. The
ratio of electron heat diffusivity xur to xes, as deduced from standard power
balance analysis, was considered. If we apply the obtained simple estimation of
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2
x=8Ltp, it was shown that we can directly obtain y. value from plotting the

experimental time delay (#) of arrival of the heat pulse peak at differential radii
(7) versus 72 The experimental observations were shown that, basically, in all
cases ymp is above the corresponding yes typically by a factor of 3.

In Chap. III, heat pulse propagation was analyzed for different models of
electron heat conduction coefficient y..?” Five models were adopted which had
various dependence on temperature or temperature gradient. Among them .
having a positive temperature gradient dependence explained the discrepancy
between xzr and yez observed in the experiments. In this case the deviation
was found and shown to have appreciable radial dependence. Two cases that
initial temperature perturbation was induced by (1) electron cyclotron heating
(ECH) or (2) sawtooth were studied and the results were shown in Table 3 and
Table 4. Both Table 3 and Table 4 indicate that y. having a dependence on the
temperature gradient is not inconsistent with values of xur/trs obtained from
experiments (xur/xrs >2). There were preliminary indications to understand the
reason for the experimental disagreement between yzr and yxrs which suggested
that either this is a feature of observing only high-energy electrons, or that the
pulse transport is influenced by the internal disruption mechanism itself.
However, the results in Table 3 and Table 4 were obtained without introducing
such mechanisms. The value of yur is enhanced by various effects neglected in
this numerical calculation (which are high-energy electron, coupling heat flow
and plasma diffusion, the internal disruption mechanism, etc). Hence, the results
obtained in Table 3 and Table 4 may give the minimum values for xur/xes.

In chap. IV, the problem of deducing y. from heat pulse propagation measure-
ments was addressed.?® For sawtooth free plasma, the local thermal diffusivity
was derived with the assumption that the evolution of the temperature profile
was governed by a diffusive process in the all confinement region. Comparison
study of the experimental observations with the simulations was done, assuming
the diffusive process on the propagation of heat pulse induced by local electron
heating. It was found that the evolution of electron temperature can not be
explained only by simple diffusive models and that an introduction of convective
flux term can resolve the discrepancy. From this analysis, we can not conclude
anything about the bulk convective velocity #,. Chap. III shows that we can not
neglect the ¥-effect, if x. has a dependence on temperature or temperature
gradient. In this analysis, for simplicity, we assume that y. is constant. Hence,
it is difficult to compare v, with 7, directly because v includes the ¥-effect.
The radial dependence of the convective flux v-(#), which is consistent to the
xe(#) model, is left for our future work.
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