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Abstract

The parallel and radial transport properties of the plasma edge of TEXTOR are studied using radial electron density
and temperature profiles as well as ion temperatures and poloidal velocities in the scrape-off layer (SOL). These
quantities are measured by thermal helium beams at the low (LFS) and high field side (HFS) by emission and beam
driven charge exchange recombination spectroscopy. We investigate the influence of the safety factor and of a
magnetic field reversal on these edge parameters. Especially the field reversal leads to clear effects: a decrease of
the density at the LFS, a significant change in the poloidal density distribution, which is identified by comparing
LFS and HFS densities, and an increase in the density e-folding length at both poloidal positions. The poloidal ion
rotation changes sign in reversed field configuration and thus gives a hint on the role of poloidal drifts in the SOL.
For further analysis, we present a simple fluid model including poloidal drift velocities and local ionization sources.
With this model we can show that the poloidal E x B drift clearly influences the poloidal density distribution.
However, although the model results show the same tendencies as the experimental findings, the impact of the field
reversal on the density asymmetry is not that pronounced as in the experiment. The dependence of the density
e-folding length on the poloidal and radial drifts as well as on the source distribution is discussed within the frame

of analytical estimates.

PACS numbers: 52.25.Fi, 52.55.Fa, 52.65 K]

1. Introduction

The transport in the scrape-off layer (SOL) of a tokamak is
supposed to be significantly affected by drift motions and
particle sources. Investigations of the poloidal and radial
structure in various tokamaks show that the SOL transport
is influenced by strong mechanisms. Examples for this are
particle and heat flux in—out asymmetries in a divertor [1-3]
or poloidal asymmetries of radial density profiles in the limiter
SOL [4,5]. The observation of large parallel Mach numbers
in the SOL far away from the divertor plates [6] as well as the
measurements of the poloidal plasma rotation [5] suggest that
drifts might play an important role in the SOL. The control of
poloidal plasma rotations for example is an important element
for the improvement of particle exhaust in limiter biasing
experiments [7]. However, a complete picture to explain
all experimental observations is still missing. Especially the
high parallel flows in the divertor SOL cannot be satisfactorily
explained by the existing edge drift models [6, 8]. The topic
of this paper is the study of drifts and particle sources with
respect to their influence on the limiter SOL. The densities and
temperatures in the SOL and their radial evolution (especially
the SOL width) as well as the poloidal structure of the SOL is
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investigated. We concentrate especially on the effects of the
poloidal E x B drift and the influence of local particle sources.
The experimental findings are analysed using a simplified fluid
model, which includes these two mechanisms.

The important drift motions in the tokamak edge are the
E x B drift and the diamagnetic Vp x B drift. The radial
E x B drift is strongest in the vicinity of the limiter, where
one expects a large poloidal electric field. It has opposite
sign on each side of the limiter (cf figure 1). The poloidal
E x B drift is larger due to the steeper gradients of the plasma
potential in radial direction. It is expected to range up to about
3000ms~! in the TEXTOR SOL. In normal magnetic field
configuration it is directed from the bottom part of the toroidal
limiter along the SOL to the top of the limiter as shown in
figure 1. The diamagnetic drift splits into a divergence-free
part, which leads to radial and poloidal drift velocities, and
into a part due to the magnetic field gradient and curvature
resulting in vertical drift motions. The divergence-free part of
the diamagnetic drift does not contribute to particle transport.
The ion drift velocities depend on the radial pressure gradient
and reach up to 6000ms~! in poloidal direction, the radial
velocity is of the same order as for the £ x B drift. The
second part of the diamagnetic drift (arising from V B) results
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in vertical drift motions of the order of about 50ms~! in the
TEXTOR SOL. Its contribution to the poloidal drift can be
neglected. However, this drift might give rise to Pfirsch—
Schliiter currents. Their influence on SOL asymmetries are
for example discussed in [9]. The direction of all these drifts
depends on the orientation of the magnetic field, so that their
influence on the edge plasma can be investigated by a magnetic
field reversal. The drift velocity can be actively controlled by
changing the e-folding lengths of the SOL temperature [5] or
by changing the SOL pressure gradient. We will focus in this
paper on the dependence of the edge temperature and density
and their e-folding length on the safety factor and on magnetic
field reversal.

In the first part of this paper, we will report on the
experimental findings (section 2). We have measured profiles
of electron density and temperature as well as the ion
temperature and the poloidal rotation in the plasma edge by
means of thermal helium beams at the low (LFS) and high
field side (HFS). A short description of the experimental setup
will be given. We varied the safety factor by changing either
the toroidal magnetic field or the plasma current. The field
reversal was performed by changing the sign of both plasma
current and toroidal field, in order to preserve the magnetic
geometry. The edge parameters at the last closed flux surface
(LCFS) are given as a function of the safety factor.

The second part of the paper is dedicated to the
introduction of a simplified SOL model (section 3). We
included local particle sources and poloidal drifts in this model,
but tried to keep it still as simple as possible. This means that
the fluid equations are solved only in poloidal direction and that
the neutral model is based on simple analytical expressions.
With the help of this model the experimental findings are
analysed especially with regard to drift effects (section 4).
Various mechanisms, which can influence the SOL width, are
discussed with the help of analytical estimates.

2. Experiment

2.1. Setup

The tokamak TEXTOR is a medium size device with a pumped
toroidal belt limiter at a poloidal angle of 6 = —45° (see
figure 1). The major radius of the machine is Ry = 1.75m,
the minor radius is a = 0.46 m. We will present discharges
with strong heating by neutral beam injection in co-direction
to the plasma current with a power of 1.35 MW. The variation
of the safety factor has been achieved by varying the central
toroidal field B4 between 1.8 and 2.6 T or by varying the plasma
current /p between 280 and 450 kA. All discharges were made
at a line averaged density of i, = 3.5 x 10" m™3. During
the experiments with field reversal both B, and Ip, have been
reversed in order to maintain the magnetic geometry.

2.2. Diagnostic

The edge parameters discussed in this paper were measured by
the helium beam diagnostic [10]. Neutral helium is injected
at two poloidal positions—at the LFS and at the HFS—for a
local measurement of the electron temperature 7, and density
ne. Three helium transitions are observed at A; = 667.8,
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Figure 1. Poloidal cross-section of TEXTOR indicating the two
locations of the helium beam. The ion drift motions in the SOL are
indicated for the normal magnetic field configuration.

Ay = 706.5 and A3 = 728.1nm. The line intensity ratios
A1/A3 and A3/A; are compared to a collisional-radiative model
to give n. and T;. The achievable radial resolution of less than
1.5 mm is well below the width of the SOL so that the radial
structure of the plasma edge can be analysed.

Measurements of the poloidal plasma rotation and the
ion temperature were done at the LFS exploiting the thermal
helium beam for charge exchange recombination spectroscopy
(CXRS). The measurement of the spectral position and of the
shape of the Cvr line at A = 529 nm with a high resolution
(A/Ax = 1.5 x 10°) spectrometer gives us values for the
poloidal velocity of C® from the Doppler shift and the ion
temperature from the Doppler broadening of that line [11].
Possible deviations between the velocity of C®* and the
hydrogen background are discussed in section 4.4. The line
shape has been corrected with respect to the Zeeman splitting
and the fine structure [12]. The spectral calibration was done
in [11] relative to a molecular line, here we use an observation
of the helium beam with two opposite lines of sight to find the
unshifted wavelength of Cvi for the velocity measurement.
Both quantities, vg and 7, are measured inside the SOL at
r = 0.466 m averaged over Ar = 0.005 m.

2.3. Density and temperature

The electron temperature and density at the LCFS as well as the
ion temperature 6 mm inside the SOL are plotted in figure 2
for the current and the field scan. The edge parameters are
given for discharges with normal and reversed magnetic field
orientation. Beside the experimental values, the results from
the SOL model discussed in the second part of the paper are
included in these plots as lines. The model is introduced in
section 3 and the model results will be discussed in section 4.

The ion and electron temperature in both scans do not
show a clear dependence on ¢. In contrast, the density shows
a significant different behaviour between the current and the
field scan. The decrease of the plasma current leads to an
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Figure 2. Edge parameters electron temperature and density on the LFS at the LCFS (R — Ry = 460 mm) and ion temperature on the LFS
in the SOL (R — Ry = 466 mm): (a) and (b) variation of By; (c) and (d) variation of Ip. The lines are the model results (see section 3).

Dashed lines refer to the reversed field configuration.

increase of the edge density whereas the variation of By does
not change the density. The strong dependence of the edge
density on the plasma current comes from the changes in the
confined plasma, i.e. inside the LCFS. The plasma density is
controlled by the line averaged density measured by the central
interferometer channel. A more box-shaped core density
profile with steeper gradients at the edge—as it is the case for
high plasma currents—leads to a decrease in the edge density
if the line average is kept constant. This effect is also seen
on the ion flux to the limiter deduced from D, light, which
doubles going from high to low plasma current.

The magnetic field reversal does have an influence on the
edge density. The density at the LFS is smaller in the case
of a reversed field. Although this is a small effect of about
10% this change in density happens systematically and can be
seen for both Ip and By scan. The temperatures show no clear
dependence on the magnetic field direction.

2.4. Radial structure

We discuss the radial structure in the SOL in terms of the
e-folding length of the electron density and temperature. These
quantities are given in figure 3. The density e-folding length
M, 1s shown for both the LFS and the HFS. The measurement
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of the electron temperature at the HFS is subject to large errors
which are due to the special diagnostic arrangement. Thus the
e-folding length X, can only be shown for the LFS.

The density e-folding length increases for both scans, Ip
and By, with the safety factor g. This correlates with the
increasing connection length. The ratio of A, between HFS
and LFS is around 1.4. This is clearly expected from the
different radial separation of the flux surfaces at both poloidal
positions due to the Shafranov shift. The e-folding length of
the temperature shows no clear dependence on g.

The influence of the field reversal on A, is small, but—
as in the case of the edge density—has a clear tendency to
increase A, by 10-20%. Such a tendency is not seen for A..

2.5. Plasma rotation

We measured the poloidal velocity vy of C%* by CXRS with
the thermal helium beam at the LFS. This poloidal velocity
consists of the diamagnetic rotation and the E x B rotation
of the carbon ions. Moreover, the poloidal projection of the
parallel velocity adds to vy. Figure 4 shows the poloidal
velocity for both scans and field directions. We find a negative
vy for normal field configuration, which corresponds to a
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Figure 3. E-folding length of the electron temperature A. at the LFS and density A, at the LFS and HFS in the SOL as a function of g: (a)
and (b) variation of By; (c) and (d) variation of Ip. The lines are the model results (see section 3). The value of the modelled A, does not

change with field reversal.
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Figure 4. Poloidal velocity of C**(TEXTOR) and D* (SOL model).
The dashed lines refer to reversed field configuration, the solid lines
to the normal configuration. Black lines refer to the By scan, grey
lines to the Ip scan.

counter-clockwise plasma rotation in the view of figure 1, i.e.
from the ion side of the limiter to the electron side. Field
reversal leads to a change of sign in the poloidal velocity. The
absolute values of v, are larger for the normal configuration
compared to the reversed case.
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Figure 5. Density ratio at the LCFS between HFS and LFS versus
the safety factor. The dashed lines (reversed field configuration) and
the solid lines (normal configuration) are the model predictions.
Black lines refer to the B, scan, grey lines to the Ip scan.

2.6. Poloidal asymmetries

Beside the fact that we clearly see the influence of the
Shafranov shift on the density e-folding lengths at the two
poloidal positions LFS and HFS, also the density itself shows a
strong poloidal variation. The density ratio n. (HFS)/n.(LFS)
atthe LCFS is plotted in figure 5. In normal field configuration,
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the density at the LFS is higher compared to the HFS by about
a factor of 1.4-1.6. The density ratio changes strongly with
reversed field and tends to decrease with increasing safety
factor. We do not see any significant change in the density
ratio due to the density increase during the /p scan.

From the experimental point of view, the determination
of the LCFS at the HFS is not straightforward. The plasma
position is controlled by comparing the density at an inner and
an outer position of the plasma column. Strong changes in beta
poloidal—as it happens especially during a scan of the plasma
current—change the Shafranov shift and thus lead to a shift
of the position of the LCFS. At the LFS, this position is more
fixed due to the toroidal limiter. We assume that the plasma
parameters do not change on the flux surface 10 mm inside the
LCFS. The density measured at the LFS on this flux surface
can then be used to find the same surface at the HFS. This flux
surface is used as a reference at the HFS and the position of
the LCFS is given relative to it.

3. SOL model

We present in this section a simplified SOL model, which is
based on the fluid equations by Braginskii [13]. The equations
are solved in the poloidal direction. However, we include
the radial influxes of particles and energy as source terms in
the equations. Poloidal drift motions due to £ x B drifts are
included. Currents are neglected and also viscosity is not taken
into account. The neutral model is based on simple analytical
expressions.

3.1. Basic equations

We take the fluid equation as they can be found in
[14] (equations (3.6)—(3.10)). The equations for particle
conservation, momentum and energy look as follows:

19 (H 1a (H
—— | |+—=—\|=T,) =5, (1)
H 30 \ Hy H or \ H,
19 (H By 1 dp
—— = — — + S, 2
H 90 (Hem””(’””) B Hyoo ™ S
Lo (HS H B} 0T\, 10 HQ
(2 - 28, Pe) 22 (g
Hoo \Hy 2" " " w2820 ) " Hor \H, ="
Vg Ope
=—Qci+Sge+ ——, 3
Qe Ee H9 90 ()
Lo (H (5. 1 , H B} 9T,
—— | =1z —mvy | nvg — — —SKi|
90 \Hy \27¢ 7 2" )" T 2 g
13 (H Vo Ope
+——\ ;i) = i+Si_7 . 4
Har<H,Q > Qi+ 55— 59 @

The radial term in the momentum equation is omitted, viscosity
is not taken into account. The radial particle flux I, is given by

o D n )
r = Hr )»n s
where we assume a diffusive transport with diffusion
coefficient D and an e-folding length of the density A,. From
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this we get for the radial derivative of I', (second term on the
left-hand side of equation (1))

19 (H_ \_Dn ©
Hor \H ") H2:2

The value D /A2 follows from the boundary conditions for the
velocity at both sides of the limiter. It is thus determined by
the poloidal connection length Ly = 2ra.

The radial heat flux Q, is given by

0 19 (HS . H 9T o
r=—— | —=I'T — —Kx,— | .
H or \ H, 2 H2 or

We prescribe a constant energy influx for electrons Q. =
H,Q,. and ions Q; = H,(Q,;, which is determined by
the heating power which enters the SOL: Psor.. Replacing
the radial derivatives with the e-folding lengths for the
electron temperature A. and the ion temperature A; makes
0, proportional to the plasma pressure. Thus, we can write
the radial derivative (second term on the left-hand side of
equations (3) and (4)) like

10 HQA—1+1 IQ» @)
Hor \H ") "\ A hrei) HEOF
The source terms on the right-hand side of equations (3) and
(4) are the energy exchange between ions and electrons Qg

and the energy source or sink due to neutral interaction Sge
and Sg;. The former source is defined as

Qi = 3%:1@ — T)v., ©)

where v, is the electron collision frequency. The latter sources
are due to ionization and charge exchange:

SEe = SPEion» (10)

Sgi = SpTo + non{oev)k(Tos — Tor), (1)

with Ejo, = —25eV.
Within this model, we take also the toroidal geometry into
account. We choose the metric coefficients as

8
H =1 —2—Ocos<6— Z)
a 4
(12)

with major radius R = Ry + acos(f). The circular plasma
shape of TEXTOR gives an easy opportunity to include the
Shafranov shift inside the metric coefficients. We take a
parabolic shape of the radial profile of the Shafranov shift §(r)

}’2
5(r) = 8 (1 - a7>

H,:l—%(a)cos(@—%).

H¢=R, Hy =a,

and H = H¢H9Hr,

13)
and get H, from

(14)
The Shafranov shift itself is extracted from a scaling found
from equilibrium calculations: 6o = (23+608,) mm [15]. The

beta poloidal B, is about 0.65 for the magnetic field scan, but
changes strongly during the current scan (8, ~ 0.45...0.8).
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The poloidal drift velocity v, enters the equations through
the poloidal velocity, which splits into the poloidal projection
of the parallel velocity and the perpendicular velocity

Vy :il}”+l}l. (15)

B
For simplicity we take By ~ B. The drift which enters in the
fluid equations is the E x B drift. The part of the perpendicular
velocity due to the diamagnetic drift is largely divergence-free
and is thus not connected to particle transport. The part of
the diamagnetic drift which is not divergence-free is not taken

into account in this model. The drift velocity can thus be
estimated from

: (16)

where we assume that the plasma potential in the SOL is
determined by the sheath potential ® ~ 3.0kT, (see, e.g. [16]).

The boundary conditions at the two limiter sides (6 =
0, 27) are for the poloidal velocity and the poloidal heat fluxes
(given for example in [14])

By

ve(0,2m) = :I:Ecs, (17
By

00e(0,27) = igcs)/enkTe, (13)
By

04i(0,27) = iECsVinkTp (19)

with 9, = 3.5 and y. = 5.0.

Beside the usual parameters like magnetic field, beta
poloidal and so on, there are three important control parameters
which have to be prescribed. The density is controlled by the
poloidal averaged density at the LCFS. This poloidal average
might vary like for example during the plasma current scan.
The e-folding length of the temperatures, which is taken to
be the same for electrons and ions (A; = A.), is needed to
calculate the drift velocity. We keep it fixed at A, = 50 mm for
all ¢, which is in agreement with the experimental result. The
temperatures are controlled by the radial heat flux to the SOL:

2w
Poow =2mak [ 2@+ Q)0 (0)
which goes half to the electrons and half to the ions. The total
heating power in the discussed discharges is P = 1580kW.
The radiated power is about P,q = 800kW. Thus we have
taken the fraction of the heating power which goes to the SOL
to be Psor, = 780kW.

3.2. Neutrals

The neutrals are modelled in a very simplified way. However,
the aim of the model is not to analyse in detail the neutral
transport, but to get some idea of how drifts and particle
sources influence each other. The main source for neutral
particles in the edge of TEXTOR is the toroidal belt limiter.
We distinguish between two types of neutrals, slow atoms
with a temperature of 7o, = 5eV and a fraction fx of fast
atoms produced by charge exchange with Ty = T7;. Thus
the neutral density is split into charge exchange neutrals and

thermal neutrals: ng = foxnor + (1 — fex)nos. For simplicity,
the density of both species decays in poloidal direction from
the limiter exponentially with the ionization lengths Xos and
Aof defined by

hos kTos 03
[ nadn= <m<aiv>2> , e
Aof kT 0.5
/ nadd = (7> ) (22)
0 m(aiv)(acxv)

The rate coefficients for ionization (ojv) and for charge
exchange (ov) are chosen to be 3 x 107 m?s~!. They
do not vary significantly in the temperature range we discuss
here. The recycling coefficient Rsor., which gives the fraction
of neutrals ionized in the SOL, is defined by

2
/0 S,add = Rsor(I'e(27) — T4(0)), 23)

where ['y = nvg. The particle source term due to ionization
is S, = nng(ojv), the momentum source reads like S, =
—vjnno(ocv). The directed velocity of the slow neutrals can
be neglected in Sy, the velocity of the charge exchange neutrals
is not directed and does therefore not contribute. We take for
all calculations a recycling coefficient of Rsor, = 0.75 and a
fraction of charge exchange neutrals of f,, = 0.25.

3.3. Poloidal profiles

An example of the poloidal profiles of the plasma parameters
at the LCFS from our model is given in figure 6. Shown is
the case for Ip = 350kA and B, = 2.25T, which are the
standard values for TEXTOR. We compare the curves for
normal field configuration (solid lines) with the results for
the reversed configuration (dashed lines). The poloidal drift
velocity is in the range of v, = +(600-1800)ms~'. Due to
the Shafranov shift and the poloidal variation of the toroidal
magnetic field, v, is higher at the LFS and lower at the HFS.

From the high parallel heat conductivity of the electrons,
it is clear that 7, does not vary much with poloidal angle 6.
In contrast, the ion temperature varies by about 30eV. Both
temperatures show only a very slight change with field reversal.
The density profile tends to peak in the vicinity of the limiter
where the particle sources are located. This peaking is more
pronounced at the limiter edge with its face towards the bottom
of the machine. This asymmetry is caused by the Shafranov
shift. Both, particle and energy input into the SOL, are
higher at the LFS (¢ = 0.257). But since a significant
fraction of the neutrals are ionized near the limiter in the
SOL the particle input from inside the LCFES is less strong.
The asymmetric energy input dominates and the peak of the
temperature profile is shifted towards the LFS. Due to the
pressure balance, the density tends to be higher near the bottom
of the machine (¢ = 1.757). The field reversal gives rise to a
change in the density in the vicinity of the limiter up to 20%.
It tends to increase the density at the bottom and decreases it
at the LFS.

The strong change in the parallel velocity is determined by
the boundary condition at the limiter. In contrast, the poloidal
velocity changes only slightly. Thus the particle transport is
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Figure 6. Solution of the model equations: poloidal profiles of (a) the electron and ion temperature, (b) the density, (c) the parallel velocity,
(d) the perpendicular drift velocity and the poloidal velocity, (e¢) the source due to ionization, and (f) the perpendicular electric field in the
SOL. Solid lines refer to the normal magnetic field configuration VB | and dashed lines refer to the reversed case VB 1.

not strongly affected by the field reversal due to the relative
low drift velocity. The particle sources inside the SOL at the
limiter tend to flatten the poloidal profile of v further away
from the limiter. We come back to this point in section 4.4.

As we can see from figure 6(e), the particle sources
change according to the changes in the particle flux in reversed
configuration. These local particle sources enhance the density
variation near the limiter with field reversal.

The perpendicular electric field is calculated from the
electron momentum equation [13]:

kT, on 1.71 9(kT)

EL ~ —
enByadd eBy add

(24)

As we did in the whole model, we also neglect any currents
which might flow in the SOL in this estimate. The role of
the electric field concerning radial drift fluxes is discussed in
section 4.2.

4. Discussion

So far, we reported on the experimental results and introduced
our SOL model. We will now compare the model predictions
with the experiment. The model can give us information about
the plasma properties at the LCFS and the effects on the radial
structure, i.e. the SOL width, are discussed on the basis of
analytical estimates.

4.1. Density and temperature

We go back to figure 2 and compare the measured 7, T, and T;
with the model values. In the model, the poloidal average of
the SOL density is specified such as to fit the measured density
at the LFS. The temperatures are determined by the power
input Psop, and the sheath heat transmission factors. Cooling
by neutrals is less dominant and nearly all the power reaches
the limiter. Both, T, and T;, fit well with the measured values.
The reader should keep in mind that 7; was measured 6 mm
inside the SOL, whereas the other quantities—measured and
modelled—are given at the LCFS. Taking this into account,
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T; at the LCFS is 13% higher than the value given in figure 2
(A & 50 mm).

In the case of the plasma current scan, the modelling result
for the increase of the density is quite artificial: we simply
increased the specified average density. This density increase
is—as pointed out earlier—due to changes of the core density
profile. Such effects can of course not be modelled with our
SOL model. The modelled temperatures decrease with lower
plasma current due to the density variation. Since we keep
the power input constant, we expect to find a T ~ n~2/3
dependence. This dependence was found experimentally for
density ramps at TEXTOR (see, e.g. [10]). For the current
scan, we find no such tendency of the measured temperature.
However, the position of the plasma column changes during the
Iy scan. One might speculate that this change in the geometry
might have influence on the edge parameter. The modelled
temperature for the By scan shows a slight increase. This can
be attributed to the fact that the effective collection area of the
limiter Aeir = 2mal,/q decreases with increasing g. Thus,
the temperature has to increase in order to keep the power
transported to the limiter constant.

As stated earlier, the field reversal has a stronger effect
on the density than on the temperatures. This is found in the
model as well as in the experiment. The decrease of the density
at the LFS is well seen in the model results and is roughly of
the same order as in the experiment.

4.2. SOL width

The SOL width is extracted from the balance between the radial
particle flux into the SOL, the particle sources in the SOL and
the flux carried to the limiter

[} 2 2w poo
/ [g(Rm) — Tp(0)dr = af r,.de +a/ / Spdr do.
0 0 0 0

(25)

Neglecting any particle sources and drift motions one finds
with Ty(2r) = —TI'9(0) = 0.5n¢sBy/B the well-known
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formula for the density decay length

DL,

2O —
n CS

; (26)

which is a function of the radial diffusion coefficient D, the
connection length L. = 2nRqg = 2maB/By and the sound
speed c¢;. This ‘first order’ estimate might be modified by
several quantities which we will discuss in the following.

4.2.1. Poloidal drifts. The derivation of equation (26) needs
an assumption about the poloidal flux at the limiter, especially
about the density at the limiter. In the above derivation, we
used n(lim)/n = 0.5. Poloidal drifts change the poloidal flux
to the limiter and lead to asymmetric values of the density at
each side of the limiter. We can estimate the fluxes at the
limiter by solving the particle conservation and momentum
equation (equations (1) and (2)) for the isothermal case without
sources. Metric coefficients and the poloidal variation of B are
neglected. In that way it is possible to derive expressions for
the density and the velocity:

on _ B 8F, 2U||+ULB/BQ (27)
adf — By dr ¢ — (v +vLB/By)?*’
dy _ B I, c2 + v (v +v,.B/By) @)

add  nBy ar (vy+v B/Bg)?—c2’

These equations have been discussed already in [17], they have
been used for the deduction of poloidal Mach numbers from
probe measurements [18] and they have been used in [19] for
the interpretation of biasing experiments. The radial derivative
of the radial flux is taken to be proportional to the density n (see
equation (6)). From the equations (27) and (28) an analytical
expression for the density as a function of the parallel velocity
can be given:

n(vy) _ cf
n - C3+U||(UH +UJ_B/BQ). (29)

With the boundary condition at the limiter for the parallel
velocity vy (lim) = £c; — vy B/ By we get (cf equation (18.40)
of [16])
n(lim) 1
n 2+viB/cBy

Inserting these densities into the flux balance (25) we get for
the SOL width

(30)

An 1 1 -0.5
Ln o _ + . 3D
)\510) 2+ULB/BGCS Z—ULB/BQCS

The poloidal drift reduces the SOL width independently of the
drift direction. The poloidal drift velocities are of the order
v, = #2 x 10°ms~! and the magnetic field ratio By/B
is typically around 0.08. This will reduce the SOL width
according to (31) by only 1%.

The radial dependence of the poloidal drift gives rise to a
change in the e-folding length, which is not poloidally uniform.
We have seen that the field reversal gives rise to a density
change An at a certain poloidal position. The density at this
position without any drift effects is increased or decreased if

the driftis ‘switched on’: n — n+ An/2. The e-folding length
of the density changes according to this like

N 1 0An
A nor n ar Ay 2n Or

1 lan  1a(m+An/2) 1
= - —— =

(32)

If we assume that the An is proportional to the drift velocity
v, and thus proportional to the electron temperature, we get
for the change in A,:

Ary  Aniy

An n e

(33)

With An/n of about 10% and A, = 50 mm, this results in
a change in X, at the LFS of about 2-3%. We expect from
these considerations an increase of the SOL width at the LFS
in reversed configuration, which is in agreement with the
experimental result.

4.2.2. Radial drift. Poloidal electric fields lead to radial
E x B drifts. The radial fluxes connected to these drifts can
become of the same order as the fluxes driven by the anomalous
diffusive transport. As we can see from figure 6(f), the
poloidal electric field increases strongly in the vicinity of the
limiter and we expect there a non-negligible influence of these
radial drifts.
The radial particle flux connected to this drift is
Ey

rf=n=—.

Fen— (34)

The diffusive flux is given by equation (5) (we keep here the
metric coefficient constant), so that the ratio of these fluxes is

rf MEL

r

r> DB’

(35)

If we fill in typical values like A, = 15mm, B = 2T and
D = 0.2m?s~!, this ratio becomes unity if £, exceeds about
25Vm~!. Although we might expect that parallel currents
will attenuate the electric field, we see that the radial fluxes
can play a non-negligible role in the vicinity of the limiter.
Moreover, these radial drifts might enhance the asymmetry in
the SOL, since they tend to decrease the radial transport at one
limiter side, whereas they increase the radial transport at the
other limiter side. However, any further analysis concerning
these radial drifts and their influence on the radial structure
needs to solve the full two-dimensional set of equations.

4.2.3. lIonization. ~We distinguish between two types of
ionization sources: a homogeneous distribution of neutrals in
the SOL and a localized ionization source near the limiter. For
the first type we introduce the source term S, = nng(ojv) with
constant ng into equation (25) which gives us:

Mo (y _ Lenotoiv) 0
A Cs '

A homogenous neutral background might result from neutrals
starting at nearby wall structure. Measurements with laser-
induced fluorescence in the TEXTOR SOL have shown
that a radially constant distribution of neutrals exists with

(36)
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np <5x 10°m=3 [20]. Using the above equation with
typical values for the discussed discharges—a connection
length of L. = 40m and sound speed of ¢, = 10°ms™'—
we find that the SOL width is changed by less than 3% by
these neutrals.

The dominant source for neutral particles in TEXTOR is
the toroidal belt limiter. For this localized neutral distribution
we assume an exponential decay in poloidal direction with a
penetration depth X defined by the neutral velocity vy (see
section 3). Exploiting again equation (25) together with the
definition of the recycling coefficient Rgor (23) we get (cf[21])

’ L.D
A, =——— 37
¢s(1 — RsoL)
and the SOL width ratio is
A
: (33)

= = (1 — Rsor) .
A

The neutrals are in both cases an additional particle source
to the radial particle influx. The SOL plasma reacts by an
increase of the SOL width to reduce the radial influx and to
increase the total parallel flux to the limiter. The localized
source influences additionally the parallel velocity vy. The
poloidal gradient of the parallel velocity is reduced outside
the source region and steep poloidal gradients of v are found
inside the source region (cf figure 6).

4.3. Transport coefficients

The diffusion coefficient can be extracted by fitting the SOL
width derived from the SOL model to the experimental values
as good as possible (cf figure 3). The modelled A, does
strongly depend on the recycling coefficient Rsor, according
to formula (38). With the chosen value of Rsor, = 0.75 a
diffusion coefficient of D = 0.2m?s~! gives an acceptable
agreement with the measured A,,. With this constant diffusion
coefficient the increase of A, with the safety factor is achieved
in the model by the increase of the connection length alone.
Without neutral ionization inside the SOL, we would get a
diffusion coefficient four times larger compared to this value.
The ratio between the diffusion coefficient derived without
ionization (D©@) and the diffusion coefficient with ionization
(D) scales with Rgor. like D(O)/D =1— Rsor.

A diffusion coefficient based on the simple formula (26)
would give a dependence of D on the magnetic field
orientation. In the considerations above, we tried to analyse
possible mechanisms, which have influence on A,. During
reversed B, many of these mechanisms might change their
influence which could lead to the increase in A,,. However, so
far we are not able to choose one of these mechanisms to be
the dominant one.

The ratio between the radial electron heat and particle
diffusion coefficient x./D can be extracted from the balance
of the heat fluxes

2

/0 Qo(2m) — Qp(0)dr = a ; Q,do. (39)

Any heat sinks or sources in the SOL are neglected here. We
insert the poloidal electron heat flux at the limiter as given in
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Figure 7. Ratio of the e-folding lengths versus the ratio of the
transport coefficients for different recycling coefficients Rgor .
The measured values are indicated by the grey box.

equation (18) and the radial heat flux given with equation (7)
(metric coefficients are kept constant). With k, = nx. we get
together with equation (38) (cf [22])

dn\ (5 Xe
_Fe <1+7) <7+&f>.
1= Rsor )27 D%

From figure 7 it is obvious that a precise knowledge of Rsor
is necessary for the determination of x./D. The electron
temperature e-folding length A. (figure 3) in the SOL of
TEXTOR is about a factor of 3 larger than A,. The measured
ratio A, /A is indicated in figure 7. The measurement error and
especially the uncertainty in Rsor. gives a broad band of values
for x./D between 5 and 80. We do not discuss the transport
coefficient for the ions, since we have no measurement of A;,
but the same statement is valid for x;/D.

(40)

4.4. Poloidal rotation

The SOL model is not able to describe impurity transport
in a hydrogen plasma. Nevertheless a comparison between
the modelled velocities and the measured C®* velocities can
be done if we keep in mind the following restrictions. The
diamagnetic drift due to the pressure gradient depends on
the ion charge, leading to a smaller poloidal drift for C®*.
A steeper C®* density gradient—as measured by CXRS with
a fast Lithium beam [23]—might balance this reduction of the
drift velocity to some extend. The parallel flow velocity of
the carbon minority depends on the friction forces in the SOL.
In the simple picture (without drift motions and sources) it is
shown that the parallel flow velocity of carbon is—depending
on the plasma parameter—between 15% and 40% slower with
respect to the background plasma [24].

In the experiment we do not only measure the E x B drift
plus the poloidal projection of the parallel velocity (what we
called so far vy in the model), but additionally the diamagnetic
drift velocity (the fact that the latter is (largely) divergence-free
does not matter). Consequently the poloidal velocity deduced
from the model as given in figure 4 is

by = vg + 0% 41)

The diamagnetic drift velocity is

dia 1 9p; _ kT, (1 1
vt = —— =—(—+—],
enB or eB \ A, A

and we take again A; = A, &~ 50 mm.



Plasma edge transport phenomena in TEXTOR

As we see from figure 6(d), the poloidal velocity including
only the E x B drift has nearly no dependence on the magnetic
field orientation. In particular the direction of vy does not
change in reversed B. It is the diamagnetic drift which leads
to the strong change in 0y with reversal and the vy gives just
rise to an offset on this total poloidal velocity.

4.5. Poloidal asymmetries

The strong variation of the density ratio n(HFS) /n(LFS) with
field reversal cannot be found with the modelled densities
(figure 5). However, the tendency of an increased ratio in
reversed B configuration is reproduced by the model. Thus
the influence of the poloidal E x B drift can be clearly seen,
although this drift is too weak to explain the large poloidal
asymmetry in the density. The density ratio between the two
poloidal positions shows also that the local particle sources at
the limiter are needed. They explain that the density tends to
be larger near the limiter (LFS) compared to positions further
away from the limiter (HFS).

5. Summary

The plasma parameters at the edge were measured with the
thermal helium beam diagnostic. This diagnostic provides
not only electron densities and temperatures, but can also
be used for CXRS in the plasma edge for the determination
of ion temperatures and velocities. We have analysed the
dependence of these parameters in TEXTOR on the safety
factor and magnetic field reversal.

The major effect of the safety factor is to control the
connection length and the pitch angle of the field lines. The
measurements show that these features are not the only driving
forces on the edge parameters. During the current scan,
the edge density shows a complete different behaviour with
the safety factor compared to the magnetic field scan. This
behaviour is attributed to changes in the core density profile:
a different shape of the core profile affects the edge density
since the line averaged density is kept constant. The density
e-folding length is clearly a function of the connection length
and increases with the safety factor. The temperature e-folding
shows no explicit dependence on the safety factor.

Typical features connected with field reversal are the
decrease of the edge density at the LFS, the increase of
the density e-folding length at LFS and HFS and the strong
difference in the density ratio between HFS and LFS. The
measurement of the poloidal drift velocity of C®* at the LFS
gives evidence that drifts play a role in the plasma edge. The
poloidal velocity changes sign with field reversal. However,
the interpretation of this poloidal rotation is more complex
since not only the poloidal drifts contribute, but also the
poloidal projection of the parallel velocity.

In order to study the influence of the drifts on the plasma
transport in the SOL in more detail, we introduced a simplified
fluid model. The choice to use such a model was motivated by
the endeavour to include drifts and neutrals into a fluid model,
but to still keep it that simple that their main effects can easily
be extracted.

The driftincluded in the transport equations is the poloidal
E x B drift. With the model, we were able to reproduce the

decrease of the edge density at the LFS with field reversal. The
tendency to have higher densities in the vicinity of the limiter
can be attributed to the local particle sources there. Although
we compare the poloidal velocities of D* in the model with
those of C% in the experiment, both show a change of sign
with field reversal and the absolute values are of the same
order. We see from the model that the £ x B drift has a
negligible effect on the convective poloidal velocity. Due to the
contribution of the poloidal projection of the parallel velocity,
the convective poloidal velocity does not change significantly
with field reversal. Only if the diamagnetic drift is added to
the poloidal velocity, the reversal of the poloidal rotation is
achieved. A change in the density e-folding length with field
reversal is not seen in the model results, since we keep the
particle sources constant. However, the SOL width is affected
by various mechanisms: for example the radial variation of
the poloidal rotation, the influence of radial drifts on the
radial particle transport, or a variation in the particle source
distribution. Since all these effects make small contribution
to the whole, the correct modelling and identification of these
mechanisms is difficult.

Although, we still do not have a complete picture of how
the density e-folding length is affected, it is clear that the
experimentally observed change of 10-20% with field reversal
has to be understood in order to get more accurate results for the
transport coefficients. Some care is needed in calculating for
example the diffusion coefficient, which varies about 20-45%
with field reversal if calculated by the simple formula with no
other effect taken into account. The calculation of the heat
transport coefficients from e-folding lengths is also difficult,
because these coefficients show in the simple estimates a very
strong dependence on the fraction of neutrals that are ionized
inside the SOL.

We can conclude from the comparison between model and
experiment, that the poloidal E x B drift contributes to poloidal
asymmetries in the SOL. These modelled asymmetries show—
compared to the experiment—the right trend. But this drift
only is not sufficient to explain the strong impact of the field
reversal on the poloidal density distribution.

Further investigations on the velocity measurements have
to be done in the future, since they give insight into the plasma
rotation due to particle drifts. Possible differences between the
flow velocities of background plasma and impurities should
be taken into account. The simultaneous measurement of
the poloidal and toroidal velocity components for a complete
description of the SOL flows and drifts in TEXTOR would be
a task of high interest.
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