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EXTENDED THEORY OF MAIN ION AND IMPURITY ROTATION
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Extended theory of main ion and impurity rotation
and bootstrap current in a shear layer

Y-B Kim, F L Hinton, H St John, T S Taylor and D Wréblewskit

General Atomics, San Diego, California, USA

Abstract. In this paper, standard neoclassical theory has been extended into
the shear layer. Main ion and impurity ion rotation velocity and bootstrap
current within shear layer in H~mode are discussed. Inside the H-mode shear
layer, standard neoclassical theory is not valid since the ion poloidal gyroradius
becomes comparable to pressure gradient and electric field gradient scale length.
To allow for arbitrary ratio of pe;/Ln and pgi/Lp,, 8 new kinetic theory of
main ion species within electric field shear layer has been developed with the
assumption that pg;/Ro is still small. As a consequence, both impurity flows
and bootstrap current have to be modified. We present modified expressions of
impurity flows and bootstrap current are presented neglecting ion temperature
gradient. Comparisons with DIII-D measurements are also discussed.

1. Introduction

Recent experiments from DIII-D and other devices strongly indicate that both fuel
and impurity ion flow velocities within flux surface can be described by standard
neoclassical theory of rotations except within electric field shear layer very close to the
edge (Kim et al., 1993). It is not surprising why neoclassical theory is not supposed to
be valid there, since the fundamental assumption of small poloidal gyroradius compared
with plasma gradient scale length breaks down. Standard bootstrap current theory also
needs modification in a shear layer.

2. Main ion flow due to orbit squeezing

The theory of main ion flow within shear layer has been recently developed by Hinton
and Kim (1993). Without assuming small gyroradius ordering (i.e., pgi/Ln and pg; /LE-
are arbitrary), they derived the distribution function within shear layer and parallel
and poloidal flows in arbitrary magnetic flux surface geometry. Parallel flow can be
written as:

. _, 102 B LI 6p 1____32 eI op (1)
MR By T (B?) @S 0y (B%)) ;B o) '

where the third term is the Pfirsch-Schliiter parallel flow and the orbit squeezing factor
S is defined as

t Permanent address: Lawrence Livermore National Laboratory, Livermore, California, USA.
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mc? I? 5%
e (B?) y?

Poloidal flow becomes

@B, By el 1_1)% @)
B, (B me\' 5)3p

Note that the poloidal flow velocity is a significant fraction of the ion diamagnetic
velocity, when S ~ 2 or 3 as in the edge region of DIII-D H-mode and is in reasonable
agreement with spectroscopic measurements of the poloidal rotation vzlocity in helium
plasmas in the DIII-D tokamak in H-mode very close to the plasma edge (Kim et al.,
1993).

3. Impurity rotation in the shear layer

It is useful to derive impurity rotation velocity since most of the rotation measurement
can be done only with impurity species. Following the same procedure as in Kim et al.
(1991), impurity poloidal rotation velocity without temperature gradient inside shear
layer can be expressed as

1 1 Z; Tr 1 BB
I_ =2 | — i I 2 )\ 75t
=3 vT‘p'( SLp; T T Lpz) (B2) ’ )

where trace impurity is represented by I. Electric field shear reduces main ion pressure
gradient contribution to impurity poloidal rotation velocity. Assuming that the first
term is still dominant in shear layer, impurity poloidal rotation is still in electron
diamagnetic direction as in the case of no electric field shear. Another quantity which
can be compared with measurement is the difference between main and impurity local
toroidal rotation velocity. Following the standard procedure as in Kim et al. (1991),
neglecting the temperature gradient, we obtain |,

. 1 1 Z; Tr 1 I?
R N S cpps | 2 —
AVy = uy —uy vT; Poi [ L + Z; T, Lpl] (1 R"’(Bz)) . (4)

]

Note that the squeezing factor does not appear in this expression, since this differ-
ence in toroidal rotation is basically Pfirsch-Schliiter parallel flow. This is expected,
since it is the return flow due to the perpendicular ion and impurity diamagnetic flows,
which have the same form inside and outside shear layer. Figure 1 shows comparison
between theory and measurement in DIII-D He plasma experiment. Measurement is
done in the outboard region. One can see excellent agreements between theory and
measurement outside shear layer and even inside shear layer.

4. Bootstrap current in the shear layer

For the sake of simplicity, we neglect the contribution from impurity species to boot-
strap current. The bootstrap current is carried by both ion and electron species at a
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F1G. 1. Toroidal rotation velocity difference between helium main
ion and carbon.

roughly equal amount. Within the shear layer, electron dynamics will not be effected
by electric field shear because of small electron poloidal gyroradius, but ion dynamics
will be modified. If the standard bootstrap current is written as

0 0 0
(JNB)B = L31 (a."b lnP + 57 61/’ IDP‘) 32 61/) lnT L32 6¢ T ’ (5)

where the standard bootstrap current coefficients can be found in Hirshman and Sigmar
(1981). Note that the last term originates from the standard neoclassical derivation of
main ion poloidal rotation. The modified bootstrap current formula can be obtained by
replacing this ion temperature gradient driven poloidal rotation with orbit squeezing
poloidal rotation. Hence the bootstrap current in shear layer becomes

0 1 6
(J“B>B = — Lg; (a'/) InP, + — S 5 lnP) L3, a?l) InT, . (6)
Note that the ion pressure gradient driven part of bootstrap current is now reduced
by 1/S. For § ~ 2 as in the DIII-D shear layer, we expect that the standard
neoclassical theory overestimates bootstrap current by 20% to 30%. The accurate
determination of edge localized bootstrap current is important to determine external
magnetohydrodynamic (MHD) stability criteria. Figure 2 shows the comparison be-
tween the calculated current profile and the experimental one. The calculated profile
is based on the standard neoclassical theory with bootstrap current determined from
the finite aspect ratio formula and the experimental profile is reconstructed from MHD
equilibrium analysis based on motional Stark effect (MSE), exiernal magnetic probe,
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F1G. 2. Current profile comparison between theory (solid line) and
experiment (dotted line). The experimental profile is reconstructed
from MSE data, external probe data, and kinetic data.

and kinetic data. Within the shear layer, most of the current is bootstrap current due
to steep pressure gradient in H-mode. It seems clear that standard bootstrap current
theory overestimates experimental measurement by 20% to 30%.

5. Conclusions

The standard neoclassical theories of main ion, impurity ion, and bootstrap current
have been extended into the shear layer, taking into account the large electric field shear
and steep pressure gradient. When S > 1, as in the edge region of the most H--mode
plasma, the main ion poloidal rotation velocity is in the ion diamagnetic direction with
a significant fraction of ion diamagnetic velocity. Impurity poloidal rotation velocity is
reduced but still in the electron diamagnetic direction. The difference in main ion and
impurity toroidal rotation velocity does not depend on electric field shear. Ion-pressure-
gradient-driven bootstrap current is also reduced in the shear layer. Experimental
results from DIII-D show that orbit squeezing theory is consistent with measurements.
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