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AbstracL The scaling law in the scrape-off-layer (SOL) plasma is discussed, and the influence of 
the cross-field thermal conductivity, Y, is analysed. Analyses are done for the edge temperature, 
temperature fall-off length and the fluctuation level. The dependencies on the heating power, 
edge density and safety factor are investigated. The scaling law of the thickness of the heat 
channel, which is crucial in evaluating the perromance of the future large devices, depends 
on the model of x .  It is found t h a  the fluctuation level is most sensitive to the model of I(. 

The importance of simultaneous observation on the temperature, gradient and fluctuation level 
is shown. 

1. Introduction 

Among various issues of the plasma wall interactions, the problem of the high heat flux 
onto the diverter plate has been widely recognized. The prediction of the peak heat load in 
large devices, such as ITER, is one of the most important tasks for the physics of plasmas 
in the scrape-off-layer (SOL). 

The area on the diverter plate, where the energy is deposited, is determined by the 
competition between the parallel plasma flow and the flow across the magnetic surface. 
There have been a lot of analytic studies which have analysed the SOL and diverter plasmas 
(for present status see, for example, 111). The competition between the plasma flow along 
the field line and that across the field line is discussed. The task is composed of the two 
elements. One is the development of the method to have analytic insight for this two- 
dimensional plasma flow in the complex geometry. The other is the identification of the 
proper description of the transport coefficients in SOL. 

In this paper, we discuss the influence of the choice of the model of thermal conductivity, 
K ,  on the scaling law of SOL plasma parameters. The dependencies of the edge plasma 
temperature, Tb, thicknesses of the heat flow channel and temperature, and the fluctuation 
level, @ I T ,  are investigated. It is confirmed that thicknesses depend strongly on the model 
K ,  so that the identification of K in the present experiment is crucial for the prediction of 
the future devices and the prospective p r o g ” e  of fusion research. It is found that the 
dependence of @IT on the model of K is most prominent, so that the experimental study on 
the fluctuations in SOL would be very effective in identifying the proper scaling of the SOL 
and divener plasmas. It is shown that the simultaneous study on the temperature, gradient 
and fluctuation level is’important to obtain a correct form of the transport coefficient in the 
SOL plasma. 
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2. Analytic model of SOL transport 

Analytic estimate for the SOL diverter plasma is based on the balance between the parallel 
heat transfer and perpendicular diffusion. Introducing the radial widths of the heat channel 
and the temperature, Ah and AT respectively, the parallel and perpendicular energy balance 
is written as 
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where Ki  and KI are the parallel and perpendicular thermal conductivity, BI and Bp are the 
toroidal and poloidal magnetic field, a and R are the minor and major radii, respectively, 
subscript b indicates the plasma surface, r = a, and P stands for the total heat 0ow for one 
divertor leg. The numerical coefficient l/e in (2) is introduced to denote that the average 
gradient l /Ar is evaluated at the position of the I/e fall-off of the radial heat flux. The 
widths Ah and AT are different in absolute values. In this article, however, we study the 
proportionality relation rather than the quantitative evaluation, so that we consider the ratio 
A ~ / A T  is constant and analyse the dependence of A T .  

One example of the analytic theory on the SOL transport is given by Wagner and 
Lackner (which we call Wagner-Lackner (WL) scaling) 121. With the assumptions that K I I  
is classical, i.e., K I I  a T5IZ and KL is Bohm-like in SOL, the dependence was given as 

(3) 

More recently, 2D simulation has widely been performed [3]. Simulation studies seem 

(4) 

by employing the same model for K .  This result is in a good agreement with (3). even 
though the realistic geomehy and processes are taken into account in the simulation. This 
suggests that the analytic method to treat the two-dimensional transport in the complex 
geomeby, which has yielded (3), gives the proper result for the first step of the analysis. 

The comparison study of the models and experimental observations on the SOL plasma 
has also been made extensively [5-71. There still remain discrepancies, and an improvement 
in the plasma modelling is necessary. One direction of the efforts is to study the roles of 
E,  and various drifts in SOL plasmas [SI. Contributions of various drifts, such as E x B 
drift and VT x B heat flux, as well as the parallel current, were found to give quantitative 
differences. me parallel current changes the heat transmission coefficient at the divertor 
plate.) However, the experimental observations still remain unexplained., The Bohm-like 
dependence of K in SOL was supported in some experiments [6], but not necessarily in the 
other [7]. 

T ~ W L  ~ p4/11 -2/11 @'L a p-3/11 7/11 
nb nb . 

to confirm the analytic theories. The 2D simulation has provided a scaling law [4] 

T~ a p0.4,;0.25 hT c( p-0.1ln;4 

3. Dependence on the model of thermal conductivity 

Equations (1) and (2) are solved for various models of the thermal conductivities. We 
employ the power law model for Kl[ as 

(5) B KII = KIIOT . 
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When the mean free path (mfp) is much shorter than the connection length, L, the collisional 
diffusion prevails over the parallel transport and j? = 5/2 holds and K~,,, is independent of 
the density. (L is the connection length between thc mid-plane and the divertor plate along 
the field line.) On the other hand, if the mfp becomes comparable to L,  the heat flux is 
limited by the thermal speed and j? = 1/2. 

For the model of K L ,  the dependencies on the temperature as well as on the temperature 
gradient is taken into account, and we employ 

K L  = K ~ O T = ( V T ) ~  (64 

and 

KLO cf nsq'RY (6b) 

where q is the safety factor. The dependence of K I  on the gradient could be important, 
because the cross-field transport is often induced by the pressure-gradient-driven turbulence. 

Substituting the expression (5) into (l), the analytic relation of Tb is given by requiring 
the limit Tb >> Td ( T d  being the temperature in front of the divertor plate) as 

(In obtaining (7) we use the fact that (5) gives the estimate A T / A ~  - (j?+ l).) Equations (2) 
and (6) yield the relation 

Equations (7) and (8) provide self-consistent solutions for the edge temperature and the heat 
channel thickness as 

and 

(10) d(O+Y+l)  F - d ' B + l ) p d ( a - B + y )  
AT = F, 2 

where F+' and Fz are defined as 

The fluctuation level, b / T ,  is given by use of the strong turbulence'estimate, 

b 
BI 

K L  -n 
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(see, e.g., [9]). The strong turbulence limit is used because the fluctuation level is high in 
the edge and SOL plasmas. In calculating @ / T ,  T and V T / T  are evaluated by Tb and AT, 
respectively. The dependencies of and AT and (12) provide the dependence of @/T as 
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(13) 

In terms of the density nb, power P ,  safety factor q and the typical system size R ,  

@ KJ.OB1 d(u-y-l)Fd(atBytZ~--l)pd(?n+~y+y-2) 
Fl 2 

_=-  
T n  

quantities Tb, AT and @/T are expressed as 

rb a: n;Sdq(2Y+2-fi)d p ( y + Z ) d ~ - ( u + 2 ) d  (14) 

(15) 

(16) 

(W+W (ul+Z+Zy+rr+rr~)dp(a-B+Y)dR(v.eI)lBi-l)d A ~ a : n ,  4 

'#'IT M n b  4 
(-ol-@+Z)(I+y-S)+b)d ( ? n - 2 - 2 y + 3 ~ + f i ~ ) d p ( Z o - Z + B y + y ) d ~ ( - Z a + 2 + - ( 8 + 2 ) ( ~ - 2 y ) + ~ ) d ,  

These expressions are used to study the parameter dependencies. 

of: 
As examples of the models for the cross-field transport coefficient, we study the cases 

(1) pseudo-classical model (E  = -3/2, y = 1, 6 = 2, p = 2)  
(2) constant x model (or = 0, y = 0, 6 = 1 ,  p = 0) 
(3) Bohm-like model ( E  = 1, y = 0, 6 = 1, j~ = 0) 
(4) gyro-Bohm-like model (U = 3/2, y = 0,6 = 1, p = 0) 
(5 )  VT model (or = 0, y = 1, 6 = 1, p = 1) 
(6) Rebut-like model (asymptotic limit of Rebut-type model [IO]) (or = -1, y = 1, 

(7) Itoh-like model [SI ( E  = 0, y = 3/2, 6 = 1, p = 2). 
6 = 1, p =  1) 

The thermal diffusivity x has the relation x = KJn. The models (4)-(7) have been used 
in analysing the core plasma confinement with some success 1111. The direct application 
of these models to SOL may violate the validity of the assumptions (such as collisionality 
and so on). The study here is not the explanation of the SOL plasma by these models, but 
the study of the influence of the transport model on the SOL plasma parameters. 

Table 1. Scaling laws of the edge temperature, heat channel width and fluctuation level fa 
various models of the cross-field transport Thermal diffusivity XI is defined by x i l n .  
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Figure 1. The power indices in the swling laws of the edge temperature Tb (shown by 0)  of the 
heat channel width (shown by A), and of the fluctuation level # I T  (shown by x). Models of the 
cross-field Vansport are denoted by B (Bohm-like), C (constant), G (gyro-Bohm-like), I (Itoh- 
like model), P (pseudo-classical-like model), R @-like model) and T (VT model). Parameter 
f l  is chosen to be 512. 

Table 1 summarizes the scaling laws of edge temperature, temperature fall-off length 
and fluctuation level for various types of the transport coefficient. Figure 1 illustrates the 
power indices of the edge density and loss power. The dependence of the temperature is not 
different among models. The fall-off length has wider variation. The models (4p(7) give 
weaker dependence in comparison with the models (1)-(3). This confirms the knowledge 
that the uncertainly in the transport model causes the ambiguity in the estimate of the peak 
heat load onto the divertor plate. However, the sign of power index is still common for all 
models. Largest difference are seen in the dependence of the fluctuation level. 

For the models of the pseudo-classical type and constant x. there is a positive correlation 
between @ / T  and AT. When the fall-off length becomes shorter, i.e., the radial gradient in 
SOL is steeper, the fluctuation level decreases. In the Bohm model, @ / T  is predicted to be 
independent. For other models (4)-(7) the anti-correlation holds. The steep gradient (short 
AT)  gives larger fluctuations. These dependencies of the fluctuation levels on the transport 
model suggest the importance of measuring the edge fluctuations, in order to identify the 
proper model of SOL transport. 

The experiment on TEXTOR shows the positive correlation between i / n  and the density 
gradient [12]. It was found that when the density gradient in SOL becomes sharper, the 
fluctuation level is reduced. This is a clear contrast to the observation on the core-plasma, 
where the increment of fluctuation level was found associated with the reduced gradient 
length [13]. 
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4. Note on the collinearity 

The result here suggests the importance of studying the dependencies of the temperature, 
fall-off length and fluctuation level simultaneously. If only some of them, say Tb, alone are 
analysed experimentally, one easily comes to a wrong conclusion about the nature of the 
thermal conductivity. This problem is known as collinearity in analysing the database (see, 
for example [14]). We illustrate this problem by choosing some examples from the models 
of the thermal conductivity. 

Let us first take the case of the pseudo-classical transport. From table 1, we see that 
the scaling like 

S-I itoh and K itoh 

holds for the pseudo-classical transport. If one compares only the temperature Tb and 
thermal diffusity by changing the heating power and keeping other parameters fixed, one 
gets the relation Tb ci P2I5 and XL ci P115. Eliminating P from these two relations, one 
obtains a collinearity as 

This dependence is completely different from the original dependence of the thermal 
transport coefficient in the case of pseudo-classical transport, i.e., 

As another example, we show the case of the VT model. By the same procedure, we 
find the relation XI ci P1/* and Tb M P1I3. By eliminating P from these two relations, we 
arrive at the collinearity as 

This dependence is also different from the original form of XI for the VT model. The 
misinterpretation, which is shown in (18). is not the particular case of the pseudo-classical 
hansport model, but happens more generally. 

These examples clearly show that the comparison of a single parameter can easily lead 
to the misunderstanding of the transport property in the SOL plasma. It is also noted that 
both the cases, (18) and (20), yield the collinearity in which x is an increasing function of 
T .  This is one of the reasons that Bohm diffusion is often concluded from the study on 
the parameter dependence, although the radial shape of x does not support this formula. It 
should be emphasized, again, that the study on the gradient scale length as well as on the 
fluctuation level is necessary, in order to avoid the misinterpretation by the collinearity. 

5. Summary and discussion 

In this article, we surveyed the relation between the various transport models and the SOL 
plasma parameters. By use of the point model of the SOL transport, the scaling law of 
the edge plasma temperature, that of the heat channe! width and the one for the fluctuation 
level were obtained. It was found that the edge temperature has weak dependence on the 
transport model. The heat channel width is model dependent, stimulating the identification 
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of the proper model of the cross-field transport. The model dependence was found most 
clearly for the level of fluctuations. This result suggests that the experimental study of the 
fluctuations will be more important in future for the study of the SOL and divertor plasmas. 
It is also shown that the collinearity in the data easily leads to the wrong conclusion: The 
study on the gradient scale length and fluctuation level are necessary. 

The present database of the SOL fluctuations is very limited. The correlation seems to 
support modelling such as constant x or pseudo-classical-type model. The pseudo-classical 
diffusion is caused by the nonlinear pressure gradient driven turbulence, and is relevant to 
the parameters of the SOL plasmas. 

The analysis here is, however, based on the point model analysis. The two-dimensional 
simulation is required in order to confirm the dependence quantitatively. The influence of 
the radial electric field on the cross-field transport has also attracted attention recently 1151. 
Further research is required to identify the proper model of SOL transport. 
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