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I. Introduction
The anomalous transport in a high temperature plasma has been studied for a long

time, from the beginning of the fusion research. Since the electron channel in stellarators and
tokamaks is clearly anomalous, it is of fundamental importance to investigate the electron
heat diffusivity coefficient, %e and to understand the physical mechanism.

Recently, the experimental data for the transient transport of the heat pulse propagation
in fusion plasmas has been accumulated [1, 2]. An observation was reported on W7-AS, that
the heat flux changes faster than the change of the temperature profile, responding to the
switching on-off of the central heating power [3]. The observation on the transient response
has stimulated the transport modeling, e.g., the critical marginality [4] which implies the
existence of a finite threshold in VT for the excitation of the turbulence, or the model in
which the thermal conductivity is assumed to depend on the heating power [3]. Extensive
study is made by use of these models, and the critical marginality model seems to be insufficient
to explain various transient transport [5]. The rapid change of the plasma state and its
hysteresis nature were successfully modeled by a heating-power-dependent model [3]. The
foundation of this model, however, is left for future work. The development of the transport
modeling remains to be an urgent problem.

In this paper, we investigate the role of the non-locality of the plasma transport in the
study of the heat pulse propagation. For this purpose, a model equation is proposed, in which
the non-local effect is taken into account in the heat flux. The properties of this model are
investigated by performing a transport simulation. The organization of this paper is as
follows: In Sec. II, the model equation is proposed and the properties of the model are
explained. Using the model equation, the switching on-off experiment is simulated in Sec.
III. Summary and discussions are given in Sec. IV.

II. Non-local Transport Model
In this section, we present our theoretical model and investigate its properties. To

investigate the transient response of the electron temperature, let us start with the transport
equation for the electron temperature,

•--V-q(r,t) + IQ (1)

where ne, T(r,t), q(r,t), IQ represent the electron density, temperature, heat flux and sources
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and sinks, respectively. The boundary conditions are set to be q(O,t) = 0 and T(a,t) = 0,
where a is the plasma minor radius.

The transport modeling relates the heat flux and the plasma parameters. In this article,
we start from the following model, to take the non-local effect in the heat flux into account,

f
neXe(T(r',t), VT(r ',t))K{r - r ')VT(r',t)dr' (2)

where xe
 lf>tne (generalized) electron heat diffusivity which is generally the function of the

temperature or temperature gradient and Kt(r - r') is the kernel which includes the non-local
effect. This expression suggests that the heat flux at r is influenced by the temperature
gradient far from the location r. If the relation like Eq. (2) holds, then the very fast change of
the heat flux is possible. The heat flux at r changes when the plasma parameter at r' is
modified, without the change of the plasma parameters at r.

The basis of the model (2) is as follows. The anomalous transport is caused by the
fluctuations. The property of the fluctuation at r is determined by the plasma structure within
the radial correlation lengths of the fluctuations. The temperature gradient at r' could be
influential on the fluctuating fields at r. Thus the heat flux at r could be dependent on the
gradient at r'. When the kernel is set to be the delta function, then the heat flux is reduced to
that of the local transport model, i.e., q(r) = -nexeVT(r). In this study, we choose the
following expression,

-r')m± [Clocal6(r -r') + Cg^^exP{- {^f}} (3)

where C!ocai and Cgjoba[ are the numerical constants which represent the local effect and the
non-local effect, / is the half width of the non-local effect and 5(r - r') is the delta function.
The form (3) means that we take two classes of fluctuations, i.e., the microscopic fluctuations
and the one with a long wavelength. The plasma turbulence due to nonlinear excitation [3]
could generate very long correlated structures across the magnetic field. The discussion for
the nonlinear theory is left for a separate article. We here only notice that the experimental
study has suggested the existence of the heat flux component that has the nature of the
Bohm-type diffusion [7]. Such a component is related to the long-wavelength mode [8].

The constraint of the numerical constants is imposed to be Clocal+CRioba! = 1. The
weighting function r/r' is introduced to impose the boundary condition, q(O,t) = 0. The
second term in the right hand side becomes the delta function when I —> 0. In this limit (or
when Cg[obal = 0 holds), the heat flux is reduced to that of the local transport model. Substituting
Eq. (2) and Eq. (3) into Eq. (1), we obtain

3 dT(r,t) lal „ jj
2 e dt ~ localr dr\ e^e dr

LA
global r Ar
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Fig. 1 Profiles of T(r), K,(r-r') and P(r)
Transient response is observed at r/a = 0.3.
lla = 0.3 is assumed.

Power (MW)
1.2

1.0

0.8
f I

1 t

1 
1 

1 
1

0.6

0.4

0.2 |-

0.0
time

Fig. 2 Temporal evolution of the heating power
The healing power .changes from 0.1MW to 1MW.
The change of the healing power takes place with
the lime period of ic

In our study, the energy transport equation is re-formulated into the integro-differential equation
from the differential equation usually used in the local transport model.

The power deposition profile is modeled in this study as,

(5)

The power is mainly deposited in the region, r I a<.0.1. The schematic drawings of the
temperature profile, the kernel profile and the power deposition profile are shown in Fig. 1,
where the horizontal axis is taken as the normalized plasma radius. Figure 1 indicates that the
heat flux is determined not only by the local temperature gradient but also by the global one.
In other words, the heat flux at r is determined by the temperature gradient weighted by the
kernel, where the Gaussian shape in the region between r - I and r + I is assumed. In the case
of Fig. 1, the heat flux at rla = 0.3, i.e., the location away from the heat deposition, is strongly
influenced by the temperature profile in the heated region. The temporal evolution of the
central heating power is shown in Fig. 2. The heating power changes from 0.1 MW to 1.0MW
with the rise time of tc. Because the nature of the transient response is attributed to the fast
change of the plasma state, it should be assumed to be tc = 0 when we investigate the transient
response. On the other hand, when tc -> oo) the change takes place as a continual change
between the stationary profiles.

III. Results and Analyses of the Simulation of Non-local Model
The energy transport equation, i.e., Eq. (4), is solved under the condition given in the

previous section, and the time evolution of the temperature profile is analyzed. As a first
example, the electron density and heat diffusivity are assumed to be constant in this study.
The possible difference in transport coefficient, which is caused by the nonlinear dependence
of the transport coefficient on the gradient [1], is eliminated.

We set tc - 0 to elucidate the non-local effect. We use the following plasma parameters.
Major and minor radii are R = 2.0 m and a = 0.2 m. The constant electron density and diffusivity
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Fig. 3 The gradient - flux relation.

In both cases, we set to l/a=0.5. (a) The hysteresis is observed at r/a=0.5, which is clockwise.

When l/a=0, the hysteresis disappearsfdashed line), (b) The hysteresis is observed at rla=0.1,

r/a=0.3 and r/a-0.5. The hysteresis observed at r/a=0.1 where is the region heated directly is

counter-clockwise.

are ne = 4.0x 1019 m~3 and xe
 = l-0m2 I sec. Then energy confinement time becomes

rE~a2 / %e = 40 msec. The value of numerical constants Clocal = 0.9 and Cglobal = 0.1 are
chosen.

Equation (4) is solved and the transient response of the temperature profile is analyzed.
Figure 3 illustrates the relation between the temperature gradient and the heat flux. The
vertical axis is the heat flux and the horizontal axis corresponds to the temperature gradient.
A hysteresis is obtained in the gradient-flux relation. In Fig. 3 (a) the transient response is
observed at r/a = 0.5 which is away from the region of the heat deposition. The essence of
the transient response, i.e., the hysteresis in the gradient-flux relation, is reproduced by the
nonlocality in the transport. In Fig. 3 (b), the transient responses are observed at r/a=0.1 and
r/a=0.3 in addition to at r/a=0.5. The position r/a=0.1 is the region which is heated directly.
In the local model, the heat flux is proportional to the temperature gradient because of the
assumption that the electron density and diffusivity are constant. Therefore a straight line is
obtained in the stationary case as is shown by the dashed line in Fig.3 (a). (This case is
calculated with the parameters xe = 1-0 m2 Isec, Chca, = 1 and C§lobal = 0. ) In the non-local
model, the heat flux can change faster than the temperature gradient.

In the location far from the heat deposition, the temperature gradient increases slowly
but the heat flux increases rapidly when the central heating power is switched on; the temperature
gradient decreases slowly but the heat flux decreases rapidly when the central heating power
is switched off. Therefore the hysteresis is clockwise away from the region of the heat
deposition as is shown in Fig. 3 (a). The reason is explained as follows: The heat flux at the
location r/a=0.5 is affected directly by the rapid change of the central temperature through the
non-local effect when the power is switched on, but the temperature at rla=0.5 is determined
by the diffusion process so that its change is slow. On the other hand, in the region which is
heated directly, the temperature gradient increases rapidly but the heat flux increases slowly
when the central heating power is switched on and the temperature gradient decreases rapidly
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Fig. 4 The relation between the width of the

hysteresis and the observed point for l/a= 0.3,
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width vanishes. These curves have the peak value
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Fig. 5 The dependence of the width of the hysteresis
on the switching time tc. The width monotonically
decreases with tc.

but the heat flux decreases slowly when the central heating power is switched off, so that the
hysteresis is counter-clockwise in this case. The slope of the hysteresis in Fig.3 (b) is varied
depending on the observation point. This is because the steady state temperature profile is
different from that in the local transport model due to the non-local effect.

Next we examine the relation between the width of the hysteresis and the observation
points. The width of the hysteresis is defined by the ratio of the minor axis to the major axis
by the analogy to the conic section. This relation is shown in Fig. 4 for lla= 0.3, l/a= 0.5,
l/a= 0.7 and l/a= 0.9. The vertical axis is the width of the hysteresis and the horizontal axis is
the normalized plasma radius. The width of the hysteresis vanishes at ro»O./5,which is
comparable to the value of the half width of the central heating. The region within r0 is the
region which is heated directly, so the hysteresis is counter-clockwise. On the other hand, the
hysteresis is clockwise outside of the radius r0. These curves drawn in Fig. 4 have the peak
value at rla » IIa +r0 (xe = const case). This fact indicates that if the width of the hysteresis
is plotted at various position and the peak value is found in an experiment, the correlation
length of the non-local effect may be determined from Fig. 4.

Finally, we examine the case of the finite switching time. It is expected that the
non-locality, i.e., the hysteresis nature, becomes less noticeable with the increase of tc. The
dependence of the width of the hysteresis on tc is shown in Fig. 5, where the vertical axis is
the width of the hysteresis and the horizontal axis is the switching time of the central heating
power, tc normalized by the energy confinement time, TE. We can see from Fig. 5 that the
width has the maximum value at tc = 0 and monotonically decreases with the increase of tc,
which behaves as 11 tr for the tc larger than the energy confinement time. In the limit tc -> °o,
the width vanishes, which corresponds to the stationary case. The hysteresis is prominent
when tc « xE.

IV. Summary and Discussion
In this paper, new expression for the heat flux, in which the non-local effect is taken

into account, has been proposed. The heat flux is calculated.by Eq. (2). This expression
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suggests that the heat flux at r is influenced by the temperature gradient far from the location
r. Such a situation is expected when the flow is influenced by a large scale convections, the
scale length of which is comparable to the gradient scale length. Thus, the energy transport
equation has been re-formulated into the integro-differential equation.

Solving the energy transport equation with some assumptions, i.e., the electron density
and diffusivity are constant, the hysteresis has been obtained in the gradient-flux relation in
the transient response. This hysteresis has not been obtained in the transport model in which
the coefficient is expressed by the local plasma parameters and gradients. The findings in the
experiment in W7-AS [3] has been reproduced by our non-local model theoretically. We
have also investigated the dependence of the width of the hysteresis on the observation point
and the switching time of the central heating power, tc. We have obtained the following
results, i) The hysteresis is clockwise at the location far from the power deposition, while it is
counter-clockwise at the region heated directly, ii) The width of the hysteresis has the peak
value at rla « IIa +r0 {%e = const case). This fact indicates that if the width of the hysteresis
is plotted at various position and the peak value is found in an experiment, the correlation
length of the non-local effect may be determined from Fig. 4. Hi) The hysteresis is prominent
when tc« %E.

In this paper, the electron density and diffusivity are assumed to be constant. Study on

the radial profile of the density and the dependence of the diffusivity on temperature or

temperature gradient is left for our future work.
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