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Abstract. The effect of the magnetic flux geometry of a poloidal divertor on the
profiles and parameters at the divertor target is described by means of a simple
model. Due to the magnetic flux expansion near the X-point, exponential profiles
at the midplane of the tokamak are transformed in Gaussian profiles at the target.
When the angle of incidence of the field line onto the target is considered, the
possible existence of a maximum in the flux onto the target away from the
magnetic separatrix appears naturally in agreement with experimental results.

1. Introduction.

In the scrape-off layer (SOL) of a tokamak the profiles of electron density,
n.(R), and electron temperature, T.R), have been shown to decrease with
distance, falling smoothly from their values n.(a), T.(a) at the magnetic separatrix,
and the variation is generally exponential [ 1, 2, 3]. Although this may be true in
the SOL far from a poloidal divertor target, the profiles in the divertor are more
complicated, and some parameters, for example the heat and particle fluxes onto
the target, may not even show monotonic trends, but they may increase to maxima
outside the separatrix and then decrease again; this is especially relevant for open
divertors such as those in JET [4, 5] and JT-60 [ 6 ] where the divertor target may
be very close to the X-point field null. It is the purpose of this paper to show how
the magnetic geometry of a tokamak with a poloidal divertor inevitably leads to
such profiles and we will show that if the profiles , (eg of density and temperature)
in the SOL at the midplane are essentially exponential, then the corresponding
profiles at the divertor target are essentially Gaussian. What is more, the profiles
of heat and particle fluxes onto the target are essentially skewed Gaussian and
have maxima which may be some distance radially outside the separatrix. Our
modelling of maxima outside the separatrix depends on the magnetic geometry
and not on the existence of exponential profiles in the SOL, indeed any reasonable
SOL profile produces a similar result. We ignore effects of magnetic drift and of
diffusion into the private flux region of the poloidal divertor; each of these can give
rise to maxima which are radially outside the separatrix [ 5, 7] but our geometrical
argument gives rise to such a pronounced effect that the effects of magnetic drift
and of diffusion appear as perturbations.

The magnetic argument is based on the behaviour of the magnetic flux,
¥(R, Z), in the SOL, which (for small displacements) varies linearly with the
distance from the separatrix everywhere except near the X-point, where it varies



quadratically. For example if we consider a tokamak with an X-point at the top,
then at the outer midplane separatrix we may say that if the profiles n.(R), T.(R)
are exponential functions of R, it follows that they are also exponential functions
of ¥. In the divertor the functions n.(y), T.(¥) may be taken to be exponential,
ignoring gradients parallel to the magnetic field, but in mapping from the midplane
to the divertor the spatial profiles of n,, T. are transformed into Gaussian profiles.

At the divertor target we are interested in two types of profiles. The first type
(A) includes the density and temperature profiles and the related fluxes of
particles and energy parallel to the magnetic field; the second type (B) are the
profiles of fluxes perpendicular to the target, including energy and particle fluxes
onto the target and influxes of recycling and sputtered neutral species. The efflux
profiles of type B may be derived from those of type A, which are essentially
Gaussian, by multiplying by the sine of the angle between the magnetic field line
and the target. This angle increases more or less linearly from zero at or above the
X-point and so type B profiles, under the conditions we will describe, are skewed
Gaussian with maxima which can be outside the separatrix.

In the next section we describe the magnetic fields, flux surfaces and angles
of incidence of the field line onto the target and in the following one we describe
the consequences for profiles in the divertor. A more detailed discussion of the
effect on plasma and impurity transport is to be published separately and
considers the improved retention of intrinsic impurities in the divertor, a
consequence of the displacement of the source of sputtered impurities radially
outwards in the divertor. In this paper we use an analytical model with cylindrical
magnetic geometry to present the argument, noting that it can be readily
generalized to toroidal geometry where the magnetic equilibrium is available, the
generalization producing no qualitative change in the result [8].

2. Magnetic fields, flux surfaces and angles.

We consider the simplest distribution of currents that presents the
characteristics of a poloidal divertor. This is the case of two equal currents (see
Fig.1) along two infinite conductors at a vertical distance b from the origin of
coordinates, which is at the X-point position, a uniform toroidal field 8; parallel to
the currents, and a plane horizontal target located at Z;. For this simple case the
magnetic field is given by

Ba(R.Z) = —L0! 2(R+2° o) (1.2)
Z) = .a
R m (z + b + R?) ((z - b)* + R?)
I R (R?+ 22 + b2
B,(R.Z) = ”2 ( ) (1.b)

(2 +b)* + R?) (z - b)* + R?)
B1(R.,Z) = By, (1.c)
and for this field configuration the flux surfaces are obtained as

(R®+ 22 +2b% (R?-2%) = K(¥), (2)



where K(y/) is a constant for any flux value v . These curves are known as the
Ovals of Cassini [ 9]. The magnetic separatrix is defined with K() = 0. The target
is intercepted by the separatrix at two magnetic strike points R(K =0, Z,)~ + Z,,
where R,(K(¥), Z,) is the radial coordinate at the target corresponding to a flux y,
for the case in which RA(K(¥), Z,) + Z? < < b? (eg in JET, Z; <20 cm, b=~200cm ).

Now we can relate a point in the SOL at the midplane to one at the divertor
target on the same flux surface. Using Eq. 2 we map radial distances from the
separatrix at the midplane (Z = — b), to those measured at the target position
(Z = Z)) corresponding to the same flux surfaces.

We now use a Taylor expansion for the magnetic flux near the separatrix at the
midplane and near the target, for the case in which the distance of a flux surface
with flux value ¥ from the separatrix ( where K =0 ) , at the midplane, is small
compared to b and also RAK(Y), Z;) + Z2 < < b2 The expansion is to first order at
the midplane and to second order near the target, because the first order vanishes
due to the null in the field. We then obtain a simple expression for this mapping

R (K, —b)— 2= REKW.Z) =2/ .
merer 2a(2+ (@)

where
Rme{K(¥), —b) is the radius of the flux surface  at the midplane,

R{(K(y), Z,) is the corresponding radius of the flux surface Y at the target position,
and

a is the radius of the separatrix at the midplane (a =b (\/5_ —2)'/2).

The linear ( midplane ) to quadratic ( divertor ) relationship described in Eq. 3
occurs both in the present simple cylindrical model and in the toroidal equilibria
for a tokamak with a poloidal divertor because it depends on the existence of a
point of vanishing poloidal field.

For the present simple configuration we obtain an analytical expression for the
angle ¢, between the field line and the target ( a flat horizontal target is assumed
at Z = Z, ) for any point (R,, Z;) at the target,

—Bz(R; Zy)

sin ¢(Ry, Z)) = (4)

2 o2 2
\/ By + Br(R¢ Z) + Bz(Ry Zy)

Eq. 4 can be written more simply for the usual limit valid near the X-point,
B? > > Bj, where B; is the local poloidal field, and R? + Z¢ < < b?

— g !

Sin d)(Rt'Zt) = "———2‘

Ry, (5)

showing the expected linear increase of this angle when we move radially away
from the X-point ( for typical values in JET sin ¢~¢ ).



3. Consequences for the profiles of the physical parameters in the divertor.

We assume a simple model for the physical parameters in the SOL (although
more detailed models could be also used): the temperature is constant along the
field line and the density decreases from n.(a) at the midplane to n.(a)/2 at the
target, owing to the acceleration to Mach 1 at the target. The radial dependence
of these parameters is assumed to be a decaying exponential profile out from the
separatrix, at the midplane, as has been observed in many divertor tokamaks
[1,2,3]. We then deduce the profiles for the physical parameters at the target as
a function of their profiles at the midplane.

3.1 Type A profiles and parameters.

If the profiles for n. and T, at the midplarie are

(Rmp - a)
ne(Rmp) = ne(a) exp( S (6.a)
n
(Rpymp — @)
To(Rmp) = Te(@) exp< - ——"‘—E-— (6.b)
T
the corresponding expressions for these profiles at the target are
2 2
ng(a) — (Rt — Zy)
ne(R) = —5—exp L L (7.2)
2a(2+(a/b)7) A,
2 2
— (R — Z4)
Te(Ry) = Te(a) exp (7.b)

2a (2+ (a/b)?) 2
where

Rmp = Rmp(K(‘/’)v "b)»
Rf = Rf(K(‘//)’ Z')!

are the radii of the flux surface { at the midplane and the target respectively and
diffusion into the private flux region is ignored. Hence, the electron and ion flows,
along the field line, that reach the target, are

(R, Z,) = ['(a) exp ~ (R ~2)) (8)
o 2a(2+(a/b)?) A

where
—1 -1 —1

would be the equivalent e-folding length for the flows at the midplane (i.e. the
e-folding length for the parameter n.(Rn,) ¢:(Rmy), where c; is the isothermal sound
speed, there being no flows at the point of symmetry). For the energy flow along
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the field line we would obtain a Similar expression with I" replaced by P and Ar
replaced by 45, the equivalent e-folding length for energy flow at the midplane.

From the previous expressions it is clear that in the vicinity of the X-point the
physical parameters follow a Gaussian profile as a function of major radius if an
exponential one is assumed at the midplane of the tokamak. This is quite different
from the exponential law often assumed, which would only be valid if there were
a constant flux expansion due to the X-point. It is also important to note that the
physical parameters and the flows along the field line present their highest values
at the magnetic strike points, R~ + Z;, on the target.

3.2 Type B profiles and parameters.

The energy and particle fluxes onto the target or particle influxes from the
target depend on the normal component to the target of the energy/particle flux
along the field. For the energy this consideration is straightforward while for the
particle flux we must assume that the influxes from the target are, on average ,
emitted normally. This normal component is determined by

F_L(Rt‘ Zt) = F(Rt, Zt) l sin d)(Rt' Zt)l . (10)

From the expressions derived for the flows along the field line and the angle
between the field line and the target it can be shown that the expression for the
perpendicular flow presents a local maximum at

RN = 4 \/,1 a (2 + (a/b)?) , (11)

where 4, is the equivalent e-folding length for the considered flow ( energy or
particle outflux ).

Under the assumption of no diffusion into the private flux region, only the
points at the target where |R:| > Z, receive a finite flow, hence two physical
situations are possible:

e With |RM™>| > Z, the normal flow onto the target presents a local maximum at
a position different from that of the magnetic strike points (R~ + Z;), and the
position of the local maximum does not depend on the distance from the
X-point to the target ( Z,) , provided this is small.

e With |RMx| < Z,, the normal flow onto the target presents its highest value at
the magnetic strike points.

This characteristic behaviour of the fluxes along the field line ( type A ) and
onto the target ( type B ) is shown in Fig. 2. In this figure the effect that the distance
between X-point and the target has on these fluxes is shown for typical values for
JET ( b=200cm,! =3MA,B;=25T,Ar=1cm ). In row a) the magnetic flux
surfaces and the target position are shown for various X-point to wall distances.
In row b) the normalized profiles for the fluxes along the field line ( type A ) at the
target are shown; these profiles are Gaussian, as is clearly seen when the X-point
is very close to the wall, but when the X-point is not close to the wall, as in DIII-D,
they could be identified with exponential profiles with an e-folding length given by



. a(2+@b)?) ir

for our analytical model. In row c) the sine of the angle between the field line and
the target is shown, it displays the expected approximate linear increase with the
radial distance from the X-point. In row d) the normalized profiles for the fluxes
( type B ) onto and effluxes from the target are shown, these profiles are skewed
Gaussian. When the X-point is not close to the wall the profiles have their highest
values at the magnetic strike points, but when the X-point is close to the wall they
have a maximum away from the magnetic strike points and, as also shown, the .
position of these maxima does not depend on the X-point to wall distance provided
~ this is small enough for the maxima to exist. It is also important to note that the
position of these maxima depends, following Eq. 11, on the equivalent e-folding
length for the fluxes at the midplane, being closer the smaller the equivalent
e-folding length at the midplane, and hence should be affected by the different
confinement regimes obtained in the tokamak.

The qualitative behaviour described above is in good agreement with the
experimental results from JET shown in Fig. 3. In this figure the radial distance,
Sma between the points of maximum influx from the target, deduced from H,
measurements with a CCD camera, is plotted versus the vertical distance from the
X-point to the target, Z, [10], obtained from a local expansion of the magnetic flux
and using the poloidal magnetic field measurements in the vicinity of the X-point
(XLOC code [[11]) ; as this distance is reduced the points of maximum influx move
closer until they reach a position that remains approximately unchanged if the
X-point to wall distance is reduced further. This minimum separation between the
points of maximum influx is smaller when the regime of confinement is H-mode
than when it is ohmic as predicted by Eq. 11, noting that the value of the e-folding
length for the parameters in the SOL, 4, is smaller with H-mode.

To get a better quantitative agreement with these experimental observations
for JET a more realistic, although still simple, magnetic configuration may be used.
The D-shaped plasma in JET has two X-point nulls in the poloidal field, not always
both inside the vessel. A system of current filaments which simulates this is a
configuration of three currents. We consider, for simplicity, three equal and
equally spaced current filaments in a plane, the plasma current being the middle
one. The calculation is similar to the one already described, although more
complicated and the qualitative conclusions are the same. However the
quantitative results are in better agreement with the experiment. For this more
realistic configuration we find that the position of the local maximum influx occurs
at

R~ + Jla, (13)

about a factor of /2 smaller than with the two current model. The better
agreement with the experimental results is demonstrated for instance for JET :
a=>~100 cm, and the values deduced from Fig.3, R™>* = 7 cm (H), 11 cm (OH), give
Ar= 0.5 cm (H), 1.2 cm (OH). This is in good agreement with Langmuir probe
measurements in the JET SOL [12], despite differences between the geometry in
JET and in the simple model.



Although, in experiment, there are also effects such as diffusion into the private
flux region and particle drifts from the flux surfaces to be considered, these other
effects are estimated to be less important and the relatively good agreement even
with the simple models we have shown, suggests that the magnetic geometry
effects are dominant.

To summarize, in this paper we have shown that the existence of a null point
in the poloidal magnetic field has the effect that the exponential profiles for the
physical parameters at the midplane of the tokamak are transformed into Gaussian
profiles in the vicinity of the X-point. This fact combined with the low angle of
incidence of the field line onto a target located near the null produces a maximum
in the power deposition onto the target and in the particle influx from the target
that does not coincide with the magnetic strike points on the target if the X-point
is close to the wall. The existence of these maxima outside the magnetic strike
points is not in contradiction with the assumption that the plasma particlies flow
along the field lines. While the appearance of a ( type B ) maximum outside the
separatrix is interesting in its own right, the maximum in the influx of both
hydrogen and impurities may have important consequences for the flow balance
in the vicinity of the divertor target [13].
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Fig.1. Layout of the magnetic geometry used in the analytical model for the
poloidal divertor ( Note the strongly nonuniform spacing of the flux surfaces in
the vicinity of the X-point ).
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Fig.3. Distance, S™, separating the points of maximum influx from the target
in JET ( obtained from measurements with a CCD camera and filter of the
intensity of H, radiation [ 107] ) versus X-point to wall distance, Z,. This distance
decreases when the X-point is moved closer to the wall until a separation is
reached at which it subsequently remains fairly constant. The minimum
separation is smaller in H-mode. The horizontal lines are theoretical
predictions from the simple model for the condition S™* =2 R and using
Eq.(13) with Ar = 0.5 cm (H), 1.2 cm (OH). The diagonal line corresponds to the
predicted distance between magnetic strike points, S™> =2 Z,.
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