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Abstract

The characteristics of the plasma density and temperature at the edge of a diverted tokamak are presented. The
analysis is done using the edge database formed by the ITER divertor database and modeling expert group. Analysis
indicates the density profile is flatter with high density operation, i.e. the separatrix density is a larger fraction of the
average density. This characteristic is found to be independent of plasma operation mode. We find the separatrix
density in ITER will be approximately 6 x 10" m~3, based on scaling from the major diverted tokamaks. Scaling of the
edge temperature is more problematic. A model which concludes the edge temperature is sensitive to details of the
recycling process is presented. The temperature profile is analyzed to obtain the perpendicular thermal diffusivity. We
find a diffusivity of 0.2 m?/s for ITER H-mode operation. The existing data, however, does not permit any size scaling
of the diffusivity. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Knowledge of the plasma parameters at the last
closed flux surface (the separatrix) of diverted tokamaks
is important for the design of divertors capable of re-
moval of power and particles without deleterious effect
on core confinement. The ITER design utilizes enhanced
radiation in the divertor region to reduce the power load
to the divertor [1]. This design is based in part on sim-
ulations with 2-D fluid plasma codes. The efficacy of the
ITER design depends on the viability of the plasma
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codes. The code simulations have been validated against
data for a limited number of discharges in each of the
world’s major divertor tokamak devices, as reviewed by
Loarte at this conference. A second technique which can
be used to evaluate our understanding of the physics of
the plasma scrape-off layer (SOL) and divertor is com-
parison with a broad range of experimental data. The
ITER divertor modeling and database expert groups
have assembled a scalar database of the edge plasma
parameters for existing diverted tokamak devices as a
means of enabling scaling studies of the SOL plasma.
Data exist from ASDEX, ASDEX-Upgrade, C-MOD,
COMPASS-D, DIII-D, JET, JFT-2M and JT-60U. We
describe the scaling of plasma parameters at the outer
midplane obtained from examination of this multi-ma-
chine database in this paper. The plasma parameters at
the outer midplane are used as a boundary condition for
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all simulations of the SOL plasma and hence under-
standing of the expected value of these parameters is
crucial for the successful design of the ITER divertor.

A major difficulty that we encounter in building a
database of the plasma parameters at the separatrix is
the determination of the exact location of the separatrix.
The spatial location of the separatrix is determined by
reconstruction of the magnetic geometry from mea-
surements outside the plasma [2]. The uncertainty of the
separatrix location can be large, on the order of 1 cm.
The effect of this uncertainty on the plasma parameters
at the separatrix depends on the operating mode of the
plasma. The radial scale length of the plasma density
and temperature range from a few centimeters in Ohmic
and L-mode operation to a few millimeters in H-mode.
It has been shown that the inherent uncertainty in the
separatrix location leads to unacceptably large uncer-
tainty in the plasma parameters in H-mode plasmas,
hence we must apply corrections for this uncertainty [3].
The techniques used for correcting the data include
forcing pressure balance between the divertor and up-
stream (typically at the outer midplane) plasma; forcing
consistency with a model of conduction limited parallel
transport; and defining the separatrix to lie at one-half
the electron temperature radial scale outside the maxi-
mum temperature gradient. The data presented in this
paper include our best attempts at using these correc-
tions. Unfortunately, we do not have corrections for all
data from all devices.

2. Scaling of separatrix density

Typically the core plasma density is determined by
externally applied neutral gas injection in Ohmic and L-
mode operation. Improved particle confinement means
the density rises above the desired density in H-mode, so
neutral gas injection is usually set to zero and the plasma
density is determined by sources from neutral beam in-
jection and neutral recycling. The density obtained at
the separatrix is expected to be determined by a balance
between particle flow out of the core and ionization of
neutrals arising from recycling of ions lost from the core
plasma. The density at the separatrix is then expected to
be related to some measure of the core density and the
efficiency of ionization of the recycling neutrals on
closed flux surfaces. We use the line averaged density
obtained from interferometer measurements as a mea-
sure of the core density. The dependence of the sep-
aratrix density on the line averaged core density is
shown in Fig. 1. There is remarkably little variation in
the relationship between the core and separatrix density
among the different devices in spite of very different di-
vertor geometries. It should be noted, however, that
there is at least a factor of 2 variation in the separatrix
density at a given line averaged density. The insensitivity
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Fig. 1. The dependence of the separatrix density on the line-
averaged core density.

to device indicates the dependence of the separatrix
density on divertor geometry is within the statistical
variation. The density profile is seen to be flatter, i.e.
higher separatrix density relative to line averaged den-
sity, for high density operation. The separatrix density
assumed during the CDA phase of ITER, 30% of the
average core density, is shown in the figure for reference.
Note that the separatrix density obtained in H-mode
does not differ substantially from that obtained in
Ohmic or L-mode, relative to the average core density.
The improved particle confinement time obtained in H-
mode drives the device to higher density and all high
density operation obtains relatively flat density profiles
[0.5 < n. (sep)/{n.) = 1.0]. The data shown in Fig. 1 in-
dicates the separatrix density of ITER would be about
6 x 10" m~3, for an average core density of 102 m~3.
The statistical variation, however, suggests the ITER
separatrix density might lie anywhere between 3 x 10"
and 10%° m~3.

An alternate technique which can be used to scale the
separatrix density expected in ITER would be to seek
the best empirical fit to the data in the scalar database. A
simple log-linear fit of the separatrix density to the av-
erage core density suggests n.(sep) e (n.)'. However,
there are other hidden variables which cannot be ig-
nored. For example the highest density data in the da-
tabase is obtained from C-MOD which also operates at
the highest magnetic fields. Hence there may be other
device dependencies which determine the separatrix
density. The Ohmic and L-mode data is best fit with the
function
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ne(sep) = 0.00236(n,)" **x"11 B8 "

where « is the plasma elongation and Br is the toroidal
magnetic field in Tesla. Both the line averaged density
and the separatrix density are expressed in units of m=.
The separatrix density in H-mode is consistent with this
empirical scaling, but there is a degradation of core
energy transport with flattening of the density profile.
We have not included H-mode data in our fit because
this dependence on confinement is not included. Some-
what poorer fits can be obtained using the heating power
as a variable, but the dependence on power is very weak.
The dependence on a geometry parameter such as the
plasma elongation may indicate the contribution of re-
cycling to determination of the separatrix density.
However, the physical mechanism by which the partic-
ular parameters enter Eq. (1) is not obvious. The edge
density predicted by Eq. (1) for ITER is about 6.2
(£1.4) x 10" m~3, similar to that obtained directly from
Fig. 1. The edge density expected in ITER from either of
these techniques is somewhat higher than that used
during the CDA, making design of the divertor easier.

3. Examination of separatrix temperature and perpendic-
ular transport coefficients

A model discussed in this section suggests that the
separatrix temperature can be sensitive to the recycling
process, which may explain the observed scatter in the
deduced radial energy transport coefficients. We can
divide the tokamak plasma into three regions; the core
plasma, edge plasma and SOL. The edge plasma is the
region in which the H-mode thermal barrier is estab-
lished and typically lies between normalized poloidal
flux surfaces of 0.9 and 1.0, i.e. out to the separatrix. The
edge plasma is heated by radial transport from the core
plasma. Cooling mechanisms for the edge include radial
thermal conduction to the SOL, impurity radiation,
convective losses to the SOL by large particle fluxes and
parallel losses in the SOL. Previous scaling for the sep-
aratrix temperature were based on balancing the per-
pendicular conductive power flow across the separatrix
with parallel conduction to the plate [4]. We propose
here that the convective power loss is important, espe-
cially in H-mode. The particle flux across the separatrix
is determined by the total ionization rate in the core and
includes ions which are created by ionization of recy-
cling neutrals in the edge region. Ions which originate
from this ionization process diffuse rapidly across the
steep gradient at the separatrix, hence they do not
contribute to the separatrix density. However, the ther-
mal equilibration time between the cold electrons and
ions introduced by the ionization process and the
background plasma is rapid. Hence radial convective
power loss can be significant, cooling the plasma in the

edge. We expect, therefore, to find the separatrix tem-
perature to be sensitive to recycling and thus to details of
the divertor geometry, wall conditioning, pumping, etc.

This hypothesis can be examined by determining the
perpendicular thermal and particle diffusivities from the
measured radial density and temperature profiles. As-
suming a single species model, the power and particle
flow can be written

P = _21(6(”) +(a— l)Ta—n)Asem

or or
on
IL - _DAsep 5
aP; on/or

~ 5 (@(nT)/or + (a— 1)dn/or)’ )

where D is the radial particle diffusivity, y is the radial
thermal diffusivity, « =2.5D/y, P, is the total power
flowing radially and A, is the surface area of the sep-
aratrix. The expression for the perpendicular current is
derived assuming particle flow is purely diffusive, i.e.,
pinch effects are small. The parameter o has been esti-
mated to be about 0.6 in DIII-D by comparing the radial
particle flux determined from Eq. (2) just prior to the L-
to H-mode transition with the rate of rise of the density
after the transition [5]. We do not have estimates of the
value of « for other devices, so we assume 0.6 for all
devices.

Determination of the radial diffusivities requires
knowledge of not only the density and temperature at
the separatrix, but also their gradients. Hence it is par-
ticularly sensitive to uncertainties in the separatrix po-
sition. Although we have attempted to correct for
uncertainties from the magnetic reconstruction, we
cannot be certain this has been done correctly. In fact
only H-mode data from DIII-D has been corrected in all
aspects. None the less, it is instructive to consider the
behavior of the diffusivity we find by evaluating Eq. (2).
We approximate P, as the difference between the heat-
ing power and the power radiated in the core. The re-
sulting thermal diffusivity is shown in Fig. 2. The
thermal diffusivity increases with surface heating power.
The diffusivity will be linear with heating power for
constant gradients, so the results shown in Fig. 2 indi-
cate the gradients are only weakly dependent on power.
The diffusivity for Ohmic and L-mode are up to an order
of magnitude higher than those for H-mode. One pos-
sible source of the large scatter seen in Fig. 2 may be
uncertainties in the location of the separatrix.

The effect of convective power loss associated with
particle recycling can be inferred from the data shown in
Fig. 3, which shows the variation of the separatrix
electron temperature with the radial particle flux ob-
tained from Eq. (2). The particle fluxes inferred from the
data are on the order of a factor of 10 higher than the
particle input from neutral beam heating. This suggests
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Fig. 2. Variation of the radial thermal diffusivity at the sep-
aratrix with the surface radial power density.

the radial particle flux is dominated by ionization of
recycling neutrals. The separatrix electron temperatures
obtained in H-mode are higher than those in Ohmic and
L-mode and the temperature decreases as the radial
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Fig. 3. Dependence of the separatrix electron temperature on
the radial particle flux across the separatrix.

particle flux increases. We show the 1 MW convective
power loss obtained from Peony =2.51,(27) in the fig-
ure. We see that the convective power loss becomes
significant at the high edge temperatures obtained in H-
mode. These results indicate that the separatrix tem-
perature expected for ITER will be dependent on details
of the recycling process, hence will depend on the di-
vertor design.

4. Discussion

We have shown initial scaling dependencies for the
plasma parameters at the outer midplane. The data are
obtained from a variety of operating divertor tokamaks
and has been assembled by the ITER Divertor modeling
and database expert group. We find the scaling of the
separatrix density does not vary much between different
devices. The density profile varies with plasma density,
becoming flatter at higher density. The scaling of the
separatrix density is similar in H-mode, Ohmic and L-
mode plasmas. The plasma density is higher in H-mode,
hence we find they have flatter density profiles. We ex-
pect a separatrix density of about 6 (+1.4) x 10" m™3
for ITER.

We have argued that the separatrix temperature may
be more sensitive to details of the neutral recycling pro-
cess. Convective power losses across the separatrix which
arise because of ionization of the recycling neutrals are
important power loss mechanisms in the edge of H-mode
plasmas. Hence the separatrix temperature at the outer
midplane depends rather sensitively on details of the
baffling of the divertor region. The separatrix tempera-
ture expected in ITER will therefore depend on details of
the divertor design. We cannot obtain a scaling law from
the existing data, but must rely on 2-D code simulations
which include realistic models for neutral recycling. The
separatrix temperature obtained in these simulations will
be determined by specifying the power across the sep-
aratrix and the radial thermal and particle diffusivities.
The diffusivities expected for ITER can be estimated
from data such as that shown in Fig. 2. Assuming a
surface area of 1200 m? and radial power of 100 MW, the
ITER H-mode thermal diffusivity would be approxi-
mately 0.2 m?/s, similar to that found in DIII-D and
ASDEX-Upgrade. Note, however, there is no size scaling
since the data are all from similar sized devices. Hence
any estimate of the thermal diffusivity in ITER should be
considered to be only an initial approximation.

The observation that the separatrix temperature is
affected by recycling phenomena emphasizes the cou-
pling between the physics of the edge/SOL plasma and
the physics of the core plasma. It has been observed [5]
that the H-mode core energy confinement time increases
as the temperature in the edge region increases. The
temperature at the top of the H-mode pedestal increases
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linearly with the separatrix temperature so it is impos-
sible to determine which region is most critical for core
confinement. The results described here suggest one can
optimize the energy confinement in a tokamak by care-
ful control of neutral recycling. This is consistent with
the observation that many, if not all, of the improved
energy confinement modes have been obtained after
improvements in wall conditioning technology. We ex-
pect wall conditioning to affect the recycling physics and
hence the edge temperature. Improved baffling of the
divertor region, together with neutral pumping in the
divertor, will also reduce the convective power loss from
the edge and hence can be expected to improve the core
energy confinement. This coupling between the physics
of the edge/SOL and that of the core suggests the value
of expanding the 2-D models used in divertor simula-
tions to include the physics of the core transport. We can
only include consistent boundary conditions between the
core and SOL regions by using such coupled core/SOL
models.
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