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ABSTRACT

A plasma fluid model which takes into account ion drifts has beer
constructed and applied to the scrape-off layer of a tokamak with a poloidal
divertor. This model predicts near-sonic toroidal velocities and large
poloidal flows in most of the scrapeoff together with steep gradients in the
pressure and electrostatic potential along the magnetic field near the X-
point, contrary to the predictions of the standard model. The potential step
at X-point should reduce parallel heat transport and could act as an H-mode

trigger.
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The properties of scrape-off plasmas in the tokamaks with paloidal
divertors have been studied for a number of years by solving numerically fluid
models with sources arising from plasma-neutral gas interaction. A number of
2-D codes have been developed(l'e) based on the Braginskit equations(T) or
their equivalent. The so-called high recycling regime(s) has been studied in
detail. The most important findings have been the lowering of the plasma
temperature to = 10 eV in the recycling region, and the confinement of the
recycling neutral gas to & volume close to the neutralizer plate. The
properties of these solutions have been described in de:ail,(g) the most
important characteristics being a highly subsonic flow and constant plasma
pressure along the magnetic field lines everywhere except in the recycling
region where the plasma is accelerated to the speed of sound, and the plasma
pressure drops by a factor of two. Despite the fact that poloidal divertors

(10) no plasma

have been instrumental in producing the H-mode confinement,
feature has been found in these solutions that might distinguish a divertor
from a limiter plasma. This paper shows thar when ion driftrs due to electric
fields and pressure gradients are taken into account, the plasma solution
outgide the recycling (plate) region changes dramatically; the toraidal
velocities become near-sonic, substantial poloidal flows develop arcund the
main plasma, and large pressure and potential steps arise near the X-point.
These features depend nonlinearly on temperature, and their magnitude is a
function of both the magnitude and arientation of the wmagnetic field.
Combining these findings with the expected reduction of the parallel electron
heat conduction caused by the potential steps, a plausible model for an H-mode
trigger can be constructed.

Singer and Langer(ll) have derived a set of fluid equations valid ynder

highly subsonic conditions, which explicitly include the ion~drift terms due



to both the electric fields and the ion pressure gradients. We have here
assumed that the Braginskii equations are valid in the trans-sonic regime, and
_have derived a set of fluid equations (1}-(4) which differ from those of
Singer and Langer in that the V;p term in the potential [Eq. (3)] and the
parallel viscosity have been retained and Te = T; has been assumed. In
deriving these equations, two coordinate systems have been used: a system
defined by the unit vectors p = B/{B], V¢ x b/|¥¥ x b|, and V¥/|vy|, with the
corresponding spatial variables (g,5,¥), where § is the poloidal magnetic
flux, and the (4,0,¢) system, where 4 and 8 are the toroidal and poloidal
angles, tespectiveiy. The relationship between the two systems is shown in
Fig. 1. The Eqs. (1)-(4) are steady-state Braginskii equations in
conservative form representing particle (ion) conservation, ion momentum
conservation, force balance for electrons, and the total energy conservation,

respectively,
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Here n = ng = 03 and T = Te = T; are the plasma density and temperature; Vi
Vi and vy are the parallel, radial, and poloidal ion velocity, respecrively;
and m is the ion mass. B, and 8, are the toroidal and poloidal magnetic field
components, B = (Bg + Bg)llz, and ¢ is the electrostatic potential. 5o Sp,
and Sp are the particle (ion), momentum and energy sources arising from the
ionization of neutrals, Xy and Xy, are cthe parallel and radial heat
conductivities, and n, = nTt and n, = no(wt)-l are the classical viscosity
coefficients. (w is the ion gyro-frequency and t is the ion collisien
time.) Viscous terms of the order no(ur)'z have been neglected. In our model
only charge neurrality and parallel force balance are used for electrons,

which amounts to neglecting the effect of currents and the copvective

(parallel) electron heat transport. The differential operator definitions are

. 1/2
v = 1/(g) a/ag (hﬁhv), 9 1/hE afag ,
B 1/2 .
M 1/(g) a/a* (hahc], and 7 1/% s ,
where h;, h;, h,, and (g)“2 = hshchv are the metric coefficients. In

deriving the equations, the terms in the divergence operator containing the

drift velocity v, and the derivative 3/3; have been replaced by the terms

4
containing a/3t, v, = wv., and vg. To accomplish this, the geometric
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relationships 1/h afag = (Balﬂe)/hE 3/3E and
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have been used. Here ve is the drift wvelocity within the poloidal flux

surface in the V¢ x B direction. It is seen rhat without ion drifts (v: =0)



V| = vg B/Bg, and the Egs. (1)~(4) take on the familiar form. Inspection of
Eq. (1) shows that nve(B/Ba) can be regarded as an effective parallel flux,
with the same conservation properties as avy in the absence of drifts. The

radial velocity is both diffusive and convective,

v, = [Yw n)in + [c/e]F:/B, and v, = (c/ed FWIB ,

with  F = -eve - (7 p)/n. . (6)

All the radial transport coefficients are empirical, and Spitzer conductivity
is used for parallel transport. Since the magnitude of the force F, used to
compute drifts by vy = (c/e) (F « §)/Bz, is typically 100 electron volts/cm in
large toksmaks, the inertigl forces due to curvature, being two orders of
magnitude smaller, have been neglected. For electrons, the radial force
balance is approximately zero (because of e? = T), 3o they are roughly
stationary outside the recycling vegion. Ouly classical viscosity has been
considered since there is no applicable neoclassical theory and no relevant
experimental data. The parallel friction force has been neglected in Eq. (3)
though it eopuld produce a potential change of ~0.1 T over the full field line
length.

The equations (1)-(4) have been solved numerically in D-III-D scrape~off
geometry, shown in Fig. 2 together with temperature contours. A power flux of
2 MW across the geparatrix was assumed together with zero particle flux,
av“/aw = 0, and g constant potential on the main plasma boundary. With thege
conditions it has not been necessary to specify either n, T , or v on this
boundary. The most dramatic feature of the results is the steep increase in

pressure and the corresponding increase in the electrostatic potencial on the



field lines which pass close to the X-point. This phenomenon is due to the
fact that there is a ridge in the potential and pressure surfaces in the
region between the X-point and the plate. As a consequence, the ¥ component
of F in Eq. (6) changes direction on the ridge and results in F, =0 and v, =
0, according to (3}, slong & line close to the ridge which nearly coincides
with the portion of separstrix between the X-point and the plate. Therefore,
both v, and v, (v torcida:) change sign on this line, while v, has a maximum
there. This assumes v, (B/Be) << v, in Eq. (5). This is crue just below the
X~point in Fig. 2, because the eguipotentials, and, therefore, the drift
surfaces,lare near-orthogonal to the magnetic flux surfaces there regulting in
negligible poloidal drifts. (The equipotentials resemble the closed magnetic
flux surfaces even outside the separatrix.) Ir general, the direction of £ is
such that a circulatory flow is produced outside the main plasma boundary
unimpeded by the branching of the separatrix. The jump in pressure can be
understood by inspecting Eq. (2). Both the poloidal (vB) and radial (vw)
motion brings the parallel momentum into the volume (AV) to the right of the
separatrix and just below the X-point, indicated in Fig. 2, The plasma which
exits from this volume across the separatrix, has zero parallel momentum, so
there is a net influx of momentum into 4V. To conserve momentum, !'(ZnT) must
balance this influx according to Lg. (2), This explanation results from the
Eulerian approach used in solving the equations. In the Lagrangean picture a
fluid volume stays on a flux surface as long as the equipotential and flux
surfaces coincide. Near the X-point the flux surfaces become near-orthogonal
to the equipotentials and the parallel momentum drives the fluid up the
potential. Thid destroys the parallel momentum and creates a pressure
gradient. The ion fluid is then accelerated again in the opposite toroidal
direction as it continues to drift clockwise below the X-point. The process

is then repeated on the inner separatrix branch.



The pregsure variations along a field line closz to the separatrix for
the case with and without drifts are shown in Fig. 3. The initial pressure
rise near the plates is due to the change in v, from v ® ¥4 at the sheath to
v = 0 near the outer edge of the recycling region. Without drifts the
pressure is nearly constant between the two recycling regions, while with
drifts the pressuyre increases abruptly as the X-point is approached. The
pressure gradient near the X-point is in our case Llimited by the mesh
resolurtion, while in reality it must be limited by viscosity. We estimate
that classical viscosity should become impartant for parallel scaie lengths of
100 cm or less, assuming the present solution paramecers.

The potential variation corregponding to the presgure jump according to
Eq. (3) is shown in Fig. 4. The potential step near the X-point is close to
8(e®) = T in magnitude.

While the significance of the described results for the H~mode has not
been proven, a number of features of the solution suggest that the potential
steps near the X-point could trigger the H-mode. These steps are barriers for
hot electrons and should reduce heat conduction in a manner similar to that
suggested by Ohkawa et al.(lz) This is supported by measurements on D=-III-
0(13) which show a 30X increase in Te in the scrapeoff just before the
transition while pressure stays constant, indicating no change in the heat
flux across the separatrixz. There are experimental indications that large
poloidal forces, causing drifts in the direction of the major axis, must exist
near the X-point. Only drifts in the region of weak B8,, where poloidel gyro-
radius is large, can explain the inward shifts in the power profiles observed
on D-IT1-D{34) ang aspEx.(13)  on D-I11, the toraidal field was in the
apposite direction (VB drift away from X-point), and the power profile was

shifted autward,“m in agreement with our model. Correspondingly, the



profile whichk is shifted towards the separatrix is compressed, while the other
profile is expanded. The same is observed on JFT2M(17) together with a change
in the outer to inner parallel power flux ratio, which can be related to the
clock-wise versus anti-clockwise convection.

The size of the potential step is temperature and power dependent.

13/2 27/2

rather than a P ~ power—

(Across the step one can expect a P -
temperature relationship.) From Eqs. (2), (3), (5), and (&), we find

approximately for the potential step
' - a? - 2. 2 2
8e®) ~ mv vaB/By ~ mvy ~ m(V T/By) mT</ (2 ,8g)°.

Assuming that A(e¢)/T is a constant for all transitions, we ger the following
scaling for the transition temperature on the separatrix: Teo - (AuBe)zlm.
where Ay is the radial (midplane) temperature scale length.

The smaller che xw. the lower the threshold. Assuming it is the outer
scrapeoff A¢ that macters, lower thresholds can be expected when the VB driftc
is towards the X-point. 1In this case the E x B drifts act against diffusion
outgide the separatrix narrowing the outer temperature profile, while inside
the drifts and diffusion are in the same direction, widening the profile.

Inspection of Eq. (2) shows that the sclution would bifurcate at vg = 0,
for a constant temperature (3T/3f = 0). However, under realistic conditiens,
it geems that only one solution branch is possible, In the case of the VB
drift towards X-point, it is the branch which gives clockwise poloidal flow
around the main plasma. Apart from their possible relevance for the H-mode,
the new hydrogen flow solutions have important consequences for the impurity
transport. For instance, while for hydrogen poloidal drifts just dominate

over parallel motion for moderately high Z impurity, the hydrogen drag would



dominate poloidal drifts, and impurities would travel poleidally in the
oppasite direction from hydrogen. It is seen that the consequences of the ion
drifts are very numerous and could be far reaching. However, a better
knowledge of the ctransport coefficients, viscosity in particular, and the
effect of potential barriers is required before a quantitatively accurate

scrape-off plasma model can be constructed.
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FIGURE CAPTIONS

The (4,8) and (£,;) coordinate systems, where ¢ Ls the toroidal and @
the poloidal angle. All the vectors lie within a poleidal flux
surface.

The basic geometry of the D-III-D tokamsk. A poloidal plane is shown
with the separatrix, vacuum walls, and temperature contours. AV is a
small volume used in the discussion of the solution.

Presgure variation along a field line close to the separatrix for the
cases with and without ion drifts. The labels indicate plate (p), X-
point (X), mid-plane (m), and top (t), The inner plate is on the
left, and the outer plate is on the right,

The electrostatic potential just outside the separatrix (1 mm in mid-
plane), corresponding to the pressure solution with drifts of Fig.

3. The meaning of the labels is the same in the two figures.
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