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Abstract

Monte-Carlo simulation studies for ion orbit loss in limiter tokamaks show
a poloidal asymmetry in ion loss arising from differences in ion orbit geometry.
Since electron loss to the limiter is uniformly distributed because of its tiny
orbit width, the nonuniforrﬁ ion loss could cause a poloidal electric field that
would tend to make the ion loss to the limiter more uniform. A simple
analytical derivation of this poloidal electric field and a discussion of its

effects on ion movement and transport are also presented.



I. INTRODUCTION

Poloidal asymmetry of electric potential has been observed in many toka-
maks,~® and there are several theoretical works discussing the origin of the
poloidal electric field. It was found that the poloidal electric field could be
produced by neutral beam injection, which leads to many trapped ions in the
outer side (low field side) of the torus.” High power ion cyclotron resonance
heating (ICRH) and electron cyclotron resonance heating (ECRH) also could
cause in-out poloidal asymmetry for a similar reason. Even in an ohrrlically-
heated tokamak a steady-state poloidal electric field is possible, due to a high
concentration of impurity particles,®® or high-collisional friction in the edge

plasma.'®

! and Indireshkumar and Stacey'? have

Hazeltine and Ware,® Chang,!
investigated the effects of poloidal electric field of order € on plasma transport,
where ¢ = r/R is the inverse aspect ratio. They found that the plasma
transport could be enhanced by a factor of two due to the convective flux

caused by the E x B drift.

It is well known that the ion orbit plays a very important role in forming

13,14 and recently its effect on

the radial electric field near the plasma edge,
the poloidal electric field has also been studied.®!® Because the electron orbit
width is very small, the orbit effect on the electron loss to the tokamak limiter
should be negligible. Thus we can assume that the electron loss is uniformly

distributed in the poloidal direction. However, the ion loss to the limiter
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or divertor is dominated by orbit effects and strongly varies in the poloidal
direction. A poloidal electric field is formed by the unequally distributed
electrons and ions near the tokamak plasma edge, and this field reduces the
nonuniformity of the ion orbit loss. This poloidal electric field only exists
near the edge, i.e., within about one banana width of the last closed flux
surface (LCFS).

In Sec. II we give a simple analytical derivation of the poloidal electric
field induced by ion orbit loss. Monte-Carlo simulation studies of effects of
Ey and E, on particle orbits and transport are given in Sec. III. In Sec. IV,

we give a brief discussion and summary.
II. DERIVATION OF POLOIDAL ELECTRIC FIELD

The steady-state ion continuity equation with ion orbit loss can be pre-

sented as

V-@V)=y@n, o

where 7 is the ion density, v is the ion collision frequency and () is the
poloidal ion loss pattern to the limiter, 0 < v < 1. Assume that the per-
pendicular ion flow velocity V is dominated by the E x B drift, and that
the parallel flow has been slowed down by the neutral particles via charge

exchange. Then the continuity equation can be written as

v. (—I%E < B) — uy(O)n . @)



Using a magnetic field in toroidal coordinates

B=IV({+V(xVX, (3)

Maxwell’s equation
VxB:%J, (4)
and
E=-V¢, (5)

where (¢ is the toroidal flux, X is the poloidal flux, and I = RB,, we can

obtain the equation

25.(2), -5 (3 6T 8 riom. ©

Here subscripts indicate derivatives with respect to the variables, superscripts
indicate the corresponding components, overbars represent the average over
0, and tildes represent the variation over . Assume the r-derivative is of
order O(1) and the #-derivative is of order O(e). Noting that 71 is also of

order O(e), to first order in €, we have

cIB

S B0 G|+ 3 (BT + R S) =i (1)

From quasineutrality and assuming that the electron density obeys the Boltz-

mann distribution, n, = nee®®T, we get

R~ g exp (?5) | ®)



and

L~ my % exp <e_@73> . 9)

Assuming radial current J” = 0, we obtain:

Go=vi0) [ {50 | % - wm| + b a0

This result seems reasonable because the dependence of electrical potential

¢ on the poloidal angle 8 is weak, and it is caused by the nonsymmetric ion
loss as expected.

It is very difficult to calculate the self-consistent ion loss pattern «y(6)
analytically, but it is not very hard to obtain by Monte-Carlo simulation.'®
We get the radial electric field caused by the nonuniform ion orbit loss by
substituting the ion loss pattern obtained from simulation into Eq. 10. Then
we substitute the poloidal electric field into the Monte-Carlo simulation code
to get the ion orbit loss pattern (6). We close the self-consistent loop when

both poloidal electric field and ion loss pattern approximately satisfy Eq. 10.

IIT. PARTICLE ORBITS AND MONTE-CARLO SIM-
ULATION RESULTS

The typical ion banana orbit in a counterclockwise (top view) toroidal
field, positive helicity torus (plasma current parallel to the toroidal magnetic
field) is shown in Fig. 1. The ion orbit is determined by the direction of ion

drift, which is upward in this case. From Fig. 1 we find that the trapped



ion always drifts upward in the inner part of the o;*bit and downward in the
outer part of the orbit. Thus the ion banana orbits always tend to reach
the limiter from the outside (low field side) and upper half of the torus. We
can get the ion orbit loss patterns on a ring limiter by the Monte Carlo
simulation. The results in the banana regime (v/(v¢/R) = 0.005) and the
plateau regime (v/(v/ R) = 0.05) without poloidal electric field are shown in
Figs. 2 and 3, respectively. As expected, the ion orbit losses to the limiter
are concentrated in the outside and upper half of the torus in the banana
regime, and concentrated in the upper half of the torus in the plateau regime,
because collisions weakened the banana orbit effects. In both cases, the
ion loss patterns are clearly nonsymmetric in the poloidal direction. Thus
poloidal electric fields caused by nonsymmefric ion loss can be expected, and
in return, will reduce the asymmetry in the ion loss pattern.

The simulation result of ion loss pattern with Lorentz form of radial
electrostatic potential in the plateau regime is shown in Fig. 4.

8r) = —2—

1+ (52)
We find that the ion loss pattern is almost the same as that from a constant
radial electric field. Therefore, in this work we choose the constant radial
electric field so that we can focus our attention on the relation between the
poloidal electric field and the ion loss pattern.

Since a higher electric potential will develop in the upper half to prevent




ion loss concentration there, we choose the poloidal electric potential as

Q’g: gﬁoSiI‘lﬁ .

The ion orbit in this electric field is shown in Fig. 5. We find that the ion
orbit is pushed to the lower part of the torus, and the orbit width is increased.
This kind of electric potential could help increase the ion orbit loss in the
lower half and balance the ion loss in the upper half of the torus.

The Monte-Carlo simulation results in banana regime and platéau regime
with this electric potential are given in Figs. 6 and 7, respectively. We find.
that the total ion orbit loss is increased and the loss pattern is better bal-
anced in the upper and lower part, as compared to the case without the
poloidal electric field. From Eq. 10, we know that the poloidal electric field
is proportional to the ion loss pattern, so that the cosf-like loss pattern
- (v(0) =~ cos @) shown in Figs. 6 and 7 should yield a cos #-like poloidal elec-
tric field, or sin §-like electric potential. This is consistent with experimen-
tal observations in Alcator-C!"! and Texas Experimental Tokamak Upgrade

(TEXT-U).1818
IV. DISCUSSION AND SUMMARY

From the approximately self-consistent relation between ion loss patterns
and Eq. 10, we found the ion loss pattern (6) ~ cos 6 in both the banana and

plateau regimes. Comparing the three terms in the denominator in Eq. 10,



we find
2nd term a On /eEra

st term 71 Or T

and
3rdterm_é7l o /eE, 1 0B eETN T

1st term  c¢B T  Bor/ T NeE,nR<<1'

Therefore we can simplify Eq. 10 to:

z | XBET

o cIBpeqﬁ, cos@ .

Then we can get the relation between electrostatic potential and poloidal
angle for the banana and plateau regimes after a simple derivation:

e (d ) avBy
T =~ CcEr

sinf . , (11)

In TEXT-U experiments, the collision frequencies near the edge are mainly
in the plateau regime. Using TEXT-U data we get the top-bottom potential
difference from Eq. 11:

B9 — e [Ftr/2)— Fr/2)] /T

of about 0.1 to 1, in agreement with the experimental measurement of about
0.5.

The difference between the top and bottom potentials quickly drops to
zero when density increases and electron temperature decreases.!® This is be-
cause strong collisions almost wiped out the banana orbit effects and made
ion loss to the limiter up-down symmetric. Figure 8 shows that strong col-

lision (v/(v;/R) = 1.5) can effectively weaken the top-bottom asymmetry of
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the ion orbit loss pattern. In this case Fy will be of the form sind with no
top-bottom | potential difference.

Because ion loss pattern is determined by the ion drift orbit, we expect
that by changing the direction of the toroidal magnetic field, which changes
the direction of B x V B drift, the poloidal electric field will change direction.
We can use this property to understand the experimental results of Alcator-C
and JET-2M.2° We can also expect that the electric potential in the bottom
will be higher than that in the top if the direction of the magnetic field in
TEXT-U is reversed.

A poloidal asymmetry of the impurity distribution near the plasma edge is
also observed in TEXT-U.2! This might further support our model because
the ion bombardment of the limiter generates a major component of the
impurity source.

Our simulation results show that this poloidal electric field leads to an
outward convection flux that can be larger than the neoclassical diffusive
flux. Without the poloidal electric field, the neoclassical ion loss rate in
both banana and plateau regimes is less than a fourth of its value for the
repfesentétive case, 55 = ¢osinb, ¢o = 0.5mv?/e. This agrees with previous
theories 311,12

With a modest negative or a very large positive radial electric field, the
ion orbit loss reduces dramatically, due to ion mobility.?? The poloidal elec-

tric field may also reduce along with the total ion orbit loss. As a result, a



transport barrier is formed. The steep density profile near the edge, caused
by the transport barrier, can form a shoulder-like kink in the electron den-
sity profile that can help maintain the sheared negative electric field that the
transport barrier needs.!* This scenario may help us understand the sponta-
neous high-confinement mode (H-mode).

In summary, a simple theoretical model of a steady-state poloidal electric
field based on asymmetric ion orbit loss in limiter tokamaks has been devel-
oped. The results appear to agree well with the experimental measurements

in TEXT-U.
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Figure Captions

Fig. 1 Ion banana orbit without poloidal electric field. Parameters: ro/a =
0.7, 6o = 0, vo = 2.5, £ = 0.1, eE,a/mv? = 20, a/R = 0.3, p/a = 0.002,
go = 4.0, and v/(v;/R) = 0. Where £ = vj,0/v, is the pitch angle, p = eB/mc

is gyro radius, and g, is the safety factor on the plasma edge.

Fig. 2 Ion orbit loss pattern in banana regime without poloidal electric
field. Parameters: ro/a = 0.925, eE.a/mv? = 20, a/R = 0.3, p/a = 0.002,
¢o = 4.0, and v/(v/R) = 0.005.

Fig. 3 Ion orbit loss pattern in plateau regime without poloida/l electric
field. Parameters: ro/a = 0.925, eE.a/mv? = 20, a/R = 0.3, p/a = 0.002,
¢o = 4.0, and v/(v:/R) = 0.05.

Fig. 4 Ion orbit loss pattern in plateau regime with Lorentz radial poten-
tial without poloidal electric field. Parameters: r9/a = 0.925, a/R = 0.3,
p/a = 0.002, q, = 4.0, v/(vs/R) = 0.05, edhy/mv? = 1., Ar/a = 0.02, and
rs/a = 0.925.

Fig. 5 lon banana orbit with poloidal electric field, ¢(6) = ¢y sin 6, where

ego/mui = 1. Other parameters are the same as for Fig. 1.
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Fig. 6 Ion orbit loss pattern in banana regime with poloidal electric field,
#(0) = ¢osind, where egp/muv? = 1. Other parameters are the same as for

Fig. 2.

Fig.- 7 Ion orbit loss pattern in plateau regime with poloidal electric field,
#(0) = ¢osinf, where ego/mu? = 1. Other parameters are the same as for

Fig. 3.
Fig. 8 Ion orbit loss pattern in collisional regime without poloidal electric

field. Parameters: ro/a = 0.925, eE.a/mv? = 20, a/R = 0.3, p/a = 0.002,
¢o = 4.0, and v/(v¢/R) = 1.5. ‘
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