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Intrinsic rotation produced by ion orbit loss and X-loss
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A practical calculation model for the intrinsic rotation imparted to the edge plasma by the
directionally preferential loss of ions on orbits that cross the last closed flux surface is presented
and applied to calculate intrinsic rotation in several DIII-D [J. Luxon, Nucl. Fusion 42, 614 (2002)]
discharges. The intrinsic rotation produced by ion loss is found to be sensitive to the edge
temperature and radial electric field profiles, which has implications for driving intrinsic rotation in
future large tokamaks. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4768424]

. INTRODUCTION

Plasma rotation is important in tokamaks for achieving
good confinement," for stabilizing deleterious instabilities, >
and for triggering the low-high (L-H) confinement transi-
tion.* Rotation is driven in present-day tokamaks by neutral
beam injection, but in large future tokamaks such as ITER®
the momentum input by neutral beam injection will be insuf-
ficient to drive present levels of rotation.

It has been observed that tokamak plasmas rotate even
in the absence of external momentum injection.®'* There is
evidence'*™'® that the momentum source (or sink) causing
this so-called “intrinsic” rotation is located in the edge.
Plasma ion orbit loss,16’17 turbulence,lg*21 non-axisymmetric
fields,* viscous coupling to scrape-off layer flows,>
Reynolds stress,*® and charge-exchange are mechanisms that
could cause intrinsic rotation.

This paper describes models for calculation of the intrin-
sic rotation produced by two ion orbit loss mechanisms of
“thermalized” plasma ions. (i) The loss of ions across the
last closed flux surface (LCFS) on orbits constrained by ca-
nonical angular momentum, energy, and magnetic moment
conservation and (ii) the downward (radially outward) grad-
B and curvature drift of ions trapped poloidally in the low By
region near the X-point. These models for the intrinsic rota-
tion are based on extensions of previous models for the ion
orbit loss and X-loss of ions and ion energy.*’*® Calculations
of intrinsic parallel rotation caused by these ion orbit loss
and X-loss mechanisms are compared with measurements in
DIII-D? plasmas.

Il. CALCULATION OF ION LOSSES IN THE EDGE
PLASMA

We are concerned with the calculation of the loss of
plasma ions, their energy, and in particular for this paper
their directed momentum by excursions from the flux surface
on orbits that cross the LCFES, which we define as lost from
the plasma (it is possible, of course, to define other loss
surfaces or to calculate return fractions, but this is beyond
the scope of the present paper). Such processes take place
for the “thermalized” plasma ions primarily in the edge
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plasma, which is constantly replenished by outward ion par-
ticle, energy, and momentum fluxes from the core plasma.
The basic orbit loss processes are “ion orbit loss” described
by Miyamoto®® and others and “X-loss” described by Chang
and colleagues®' and more recently by Stacey.?®

We have found””*® that at each flux surface in the plasma
edge there is a minimum ion speed Viin(,)(or energy) for
which an ion with a given directional cosine {, with respect to
the magnetic field can be lost, for both of these processes, and
that all ions with a given {, and speeds above this minimum
will be lost. We have also found?”® by numerical calculation
for several edge plasma distributions that Vi;n,) decreases
with increasing plasma radius (decreasing distance to the last
closed flux surface). As a given volume of plasma flows out-
ward across the plasma edge it first loses the highest energy
ions and then loses successively lower energy ions as it flows
across successively outward flux surfaces. This loss is differ-
ent for the different ion directions {,. So, the “hole” in the
plasma velocity distribution extends progressively down to
lower Viging,) With increasing radius, and the depth of the
“hole” is different for different {y; i.e., the loss region is cu-
mulative and directionally dependent.

The ion loss situation for a constant influx of plasma
(from the core) flowing across the edge region and accumu-
lating a progressively larger and direction-dependent loss
region is different from the situation usually calculated of a
static plasma with no source and a fixed loss cone. In the lat-
ter static, source-free situation, in-scattering of plasma from
outside the loss cone is necessary to maintain the plasma loss
rate. However, in the flowing plasma situation considered in
this paper, the plasma loss rate is maintained by the influx of
plasma from the core into the edge region. We do not con-
sider in-scattering in this paper, based on estimates®’® that
it would only slightly increase the calculated loss rates in
most DIII-D discharges.

The details of ion particle and energy loss in a plasma
flowing across the edge region in a tokamak have been
worked out in Refs. 27 and 28, where detailed calculation
results may be found. These results are extended in this pa-
per to calculate the net directional momentum loss; hence,
the net oppositely directed momentum in the remaining

© 2012 American Institute of Physics
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plasma ions that are not lost (i.e., the intrinsic rotation pro-
duced by the directed momentum loss).

lll. INTRINSIC ROTATION DUE TO ION ORBIT LOSS

The loss of plasma ions on orbits that cross the LCFS or
some other loss surface has been recognized for many
years.>**3% More recently, it has been recognized that the
preferential loss of ions with directionality along the mag-
netic field leaves the plasma with ions preferentially directed
in the opposite direction.'”"'®

The basic ion orbit calculation is of the minimum energy
an ion located at a particular position (1, 6y) on an internal
flux surface with a direction cosine {, relative to the toroidal
magnetic field direction must have in order to be able to exe-
cute an orbit that will cross the loss flux surface (which is
taken to be the LCFS or separatrix in this paper) at location
(Wsep, Osep). Following Miyamoto® and more recently Sta-
cey,l5 we make use of the conservation of canonical toroidal
angular momentum

RmV)|f,, + ey = const = RoymV |ofp0 + €Yy, (1)
to write the orbit constraint for an ion introduced at a loca-
tion (Y, o) with parallel velocity V|, where f, = |B,,/B|,

R is the major radius, and  is the flux surface value. The
conservation of energy and of magnetic moment

m(Vﬁ +V?) +ep = const = fm(VﬁO +V3,) + ey

1
= Emvg + ey )
mv?3 mv3,
= C =
B cons. 2B,

further require that

1
2

B 2e
Vi==h[i-| g0 -G+ a6

where ¢ is the electrostatic potential. The quantity
{o = V}jo/Vy is the cosine of the initial guiding center veloc-

ity relative to the magnetic field direction. Using Egs. (3) in
(1) and squaring leads to a quadratic equation in the initial

ion velocity Vo = | [V, + V3.

fo0 B
V2 (Bo 250) —1+(1-0) B—OH
26(‘//0—‘//) B fO
[ (el 7))

+

2
(e(a}@i ;f)> 2eldo- qs)] o w

Note that Eq. (4) is quite general with respect to the
flux surface geometry representation of R, B, and the flux
surfaces .
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By specifying an initial “0” location for an ion with ini-
tial direction cosine with respect to B, denoted {,, and speci-
fying a final location on flux surface ¥, Eq. (4) can be solved
to determine the minimum initial ion speed V{ that is
required in order for the ion orbit to reach the final location.
Thus, Eq. (4) can be solved for the minimum ion speed or
energy necessary for an ion located at some point on an in-
ternal flux surface, with a given (j, to cross the last closed
flux surface ¥, (or any other “loss” flux surface) at a given
location 0, (or to strike the chamber wall at a given loca-
tion, (¥,,411, Owanr)» €tc.). A minimum reduced energy for ion
orbit 108S &min(p, o) = 1/2mV3 i (05 o) /kTion(p) can thus
be calculated for each location on the flux surface designated
by p, for each value of the direction cosine.?’

Such calculations of minimum speeds required for ions
with different values of the direction cosine at different
poloidal locations on internal flux surfaces to cross the
LCFS at various poloidal locations can be carried out
straightforwardly.?” Note in this regard that it is the values
of the flux surfaces and of the electrostatic potential, ion
temperature, magnetic field, and major radius on these flux
surfaces that are important for the calculation, not the loca-
tion of the flux surface in Euclidian space per se. We use
the fraction of the magnetic flux enclosed to define rho,
which should allow an accurate mapping of the experimen-
tal parameters to flux surfaces. This result encourages the
use of a simple approximate circular flux surface model that
conserves flux surface area and enclosed current for the
calculations for the general ion orbit loss calculation,
the principle geometric approximation of which is that
RBy = const. over the plasma.

We consider a tokamak configuration in which the toroi-
dal current and the toroidal magnetic field are oppositely
directed. In such a configuration the usual (but not always)
preferential loss of {; > 0 (counter-current) ions causes a re-
sidual {y < O (co-current) intrinsic rotation in the edge
plasma due to the preferential retention of co-current direc-
tion ions. The net co-current rotation velocity at any flux sur-
face is determined by the cumulative net counter-current
directed ion orbit loss that has taken place over all inner radii
out to that flux surface. Assuming, for computational simpli-
fication, an initially Maxwellian distribution of the plasma
influx at innermost radius of the computation and determin-
ing the minimum loss speed Vpyin(,) as described above leads
to an expression for the net parallel momentum loss (when
multiplied by nm)

1 00
AV, (p) = 2an£0 (Volo) VF (Vo)dVe

-1 Vmin(zo) p

= 47EM0,;, J V(] Vof Vo dV()
0 p

(2 2 2kT ;o
=2 @ b 0Vinl) = 2 Moy ()2 Tnl0)

TC2 TCZ m

&)

where
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1 00
J U (mVolo)Vaf (Vo)dVo | dly
_Mlos: o -1 Vomin(¢o)
M,r(p) = Mo =
! ZJ (mVo)Vf (Vo)dVy
0
1
J C0F<278min(p,éo))déo
= : ©)

2T(2)

Here I'(n) and I'(n,x) are the gamma and incomplete
gamma functions and M,,, is the net parallel momentum loss
fraction. Equation (5) usually defines a net counter-current
parallel velocity loss, which produces a net co-current intrin-
sic rotation of the remaining ions in the plasma edge, for the
configuration being considered in which the toroidal current
and magnetic field are oppositely directed.

Note that the direction cosine under the integrals in the
numerators in Egs. (5) and (6) weight counter-current losses
positive and co-current negative, so the net result depends on
the minimum loss speed for the various values of the direction
cosine, which is determined by solving Eq. (4) for a given ion
location on an interior flux surface. The lowest loss speeds
that will allow a particle to cross the separatrix at any point
are determined for various “launch points” on the interior flux
surface, as discussed in Ref. 27. Then, assuming that ions can
move freely over the flux surface, the lowest of these mini-
mum speeds is taken as the minimum speed for the flux sur-
face for the purpose of evaluating Eq. (5) (taking the average,
instead of the lowest, minimum loss energy does not much
affect the results).

Since M, < 1, usually AV < Vi, but as we shall see
it can be significant.

The ion orbit loss will be different for the main deuterium
(D) ions and for the usual carbon (C) impurity ions. While the
ion mass and charge enter Eq. (4) for Vi) as the ratio e /m,
which is the same for C and D, so that Vi;iy¢,) is the same for
C and D, &yin(,) = 1/ Zm\/fnin(go) kT, is 6 times larger for C
than D, which means that I'(2, &yin) = L:m ce *de is smaller
for C than for D (i.e., the fraction of the ions that can escape,
M,,p, is also smaller for C than for D). Taking into account
that V2 /VS = /6 in the formula for the intrinsic velocity
due to ion orbit loss, AVH ~M,,Vy, it is clear that
AVﬁ) > Z.SAVﬁ because of the additional difference in M,
between carbon and deuterium associated with the difference
in Emin-

Because a similar loss mechanism does not exist for the
much smaller mass electrons, ion orbit loss would tend
build up a net charge in the plasma unless compensated by
a current of ions or electrons caused by another mechanism.
Since the ion orbit loss is a radially distributed loss of
charge which must be balanced by the divergence of the
compensating current flowing radially in the plasma, the ra-
dial electric field would adjust to maintain force balance.
By using the experimental values of the radial electric field
in the calculations of this paper, we indirectly take into
account the effect of this compensating current, but a first-
principles calculation would require taking these compen-
sating currents into account in the calculation of the radial
electric field.

Phys. Plasmas 19, 112503 (2012)

We note that deGrassie also has developed'” an ion orbit
loss model for intrinsic rotation based on the same basic
principles of conservation of canonical angular momentum,
energy, and magnetic moment, but involving a different
computational methodology. His model predicted intrinsic
rotation in relatively good agreement with measurements in
DIII-D.**

IV. INTRINSIC ROTATION DUE TO X-LOSS OF IONS

There is a different type of ion orbit loss near the
X-point in diverted plasmas.*®*' In a region about the
X-point the poloidal field is very small, By < ¢Bg, and the
field lines are almost purely toroidal and do not spiral about
the tokamak to provide the usual neoclassical cancellation of
drift effects. However, ions quite rapidly move poloidally
over the remainder of the flux surface outside of this “X-
region” by following along spiraling field lines. As the ions
approach the X-point their poloidal motion is provided only
by the slower poloidal E, x B drift due to the radial electric
field. If the ion poloidal spiral direction about the field lines
in the plasma is the same as the E, x By drift direction into
the x-region, ions will move poloidally into and across the
null-By region near the X-point until they enter a plasma
region in which By ~ ¢By once again, in which they can rap-
idly move poloidally over the flux surface by following the
spiraling motion of the field lines. Since particles are swept
poloidally over the flux surface in a time that is short com-
pared to the time for significant radial flow, they are repeti-
tively swept into and out of this X-region if they are spiraling
in a direction for which the E, x By drift is into the X-region.

However, while the ions are slowly drifting poloidally
across the null-By X-region near the X-point, they are also
drifting vertically due to curvature and grad-B drifts. In the
configuration considered in this paper, with the toroidal field
in the clockwise direction (looking down from above) and
the plasma current in the counter-clockwise direction, this
vertical drift would be downward towards a lower single-
null divertor. If the time required for the ion to grad-B and
curvature drift downward across the LCFS is less than
the time required for the ion to E, x By drift across the
By < eBy X-region near the X-point, the ion will be lost
across the LCFS. Even if the ion is not lost across the LCFS,
it will be displaced radially outward while it is traversing the
null-By region; i.e., it will be X-transported.28

The time required for an ion entering the X-region at ra-
dius r to grad-B and curvature drift downward a distance Ar
is

Ar Ar ¢RB
= = 5= Ar,
W, 2W))/eRB (1 +2)

)

v =
VVB,C

where { is the cosine of ion direction with respect to the
magnetic field and W denotes the ion energy. During this
time the ion is also E, X By drifting through a poloidal arc
distance

E.(r) eRB
rA0 = VEXBTVB =—-———Ar. (8)
o W(I+G)
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If the radial distance from the location at which the ion
enters the X-region is sufficiently short that the ion can grad-
B and curvature drift radially downward before it E, X By
drifts across the angular extent Af, of the X-region (see Ref.
28 for a description of geometry) and re-enters the plasma,
the ion and any parallel momentum that it has will be X-lost
from the plasma into the private flux region. The minimum
energy for which an ion entering the X-region at a given ra-
dius with a given direction cosine can be X-lost across the
LCFS can be calculated numerically,”*® taking into account
the radial dependence of E, and T;. In the configuration con-
sidered in this paper (looking down—clockwise B, counter-
clockwise /) ions with {, = (V- B)/(VB) > 0 that will spi-
ral towards the X-region in such a direction that the £, X By
drift will carry the ion into the X-region, but ions with {, < 0
will not enter the X-region. This imparts a strong directiona-
lity to the X-loss which results in an intrinsic current.

For the configuration considered in this paper, the net
fraction of ion parallel momentum at a given radius that
enters the X-region and is X-lost is

1 00
J U (mVOCo)Véf(Vo)dVO] d
Mpss _ 0 | /Vxminty)

Mot 2J (mVo)VEf (Vo)dVy
0

M(p) =

Jl C0F<2 EXmin go)( ))dCo

= ) 7 ©)

where Vymini,) = v/ 2Wxmin(g, )/m is determined numerically
as described above, and the reduced energy is &xmin(z,)

= Wxmin(,)/kT . The lost ions are all counter-current directed,
in the configuration considered, resulting in a net co-current
intrinsic rotation

AVH( ) = ZanCO J V()CQ V()f V())dV(]

Vimin (()

— 47TM01‘b(p) J(VO)V(zlf(VO)dVO
0 P
= 2T o) = 2oy 2T e)

(10)

Carbon ions will be X-lost at a different rate than deute-
rium ions. It is clear from Eq. (7) that the minimum loss
energies are related as WS, .~ 6W2 . so that a larger frac-
tion of the deuterium ions will be X-lost, M§ < M¥. Further
taking into account the mass dependence of Vi, it is clear
from Eq. (10) that AVﬁ) > 2.5AVHC because of the additional
difference in M, between carbon and deuterium associated
with the difference in &x,,;y,.

Electrons drifting into the X-region would of course
have grad-B and curvature drifts in the direction opposite to
the ion drifts. The net current due to X-transport of ions and

Phys. Plasmas 19, 112503 (2012)

electrons has not been worked out. However, by using the
experimental radial electric fields, we should be taking into
account the effects of the compensating currents needed to
maintain charge neutrality.

V. APPLICATIONS TO DIII-D

In this section several applications of the above theoreti-
cal model to interpret intrinsic rotation in the DIII-D toka-
mak?’ are described.

A. Ohmic discharges 146598 and 146600

We first examine the early ohmic phase of two similar
discharges in which Mach probe measurements of the parallel
rotation of D ions and CER measurements of the parallel
rotation of C ions were made in the edge plasma,®> discharges
146598 and 146600, both with similar parameters
(R=1.734m,a=0.583m, k=1.727, B=—-1.649T, [=0.93
MA), but slight differences in geometry. In both discharges,
the configuration was with the current counter-clockwise
looking down on the tokamak, the magnetic field oppositely
directed, and a lower single null divertor. The main plasma
parameters for the ion orbit loss and X-loss calculation, the
ion temperature, and the radial electric field (which can be
integrated to obtain the electrostatic potential) are given in
Figs. 1 and 2.

We use an effective circular model of the plasma that
conserves the flux surface area and further assume a uniform
current density to obtain flux surfaces /(p) ~ Ip* which are
used, together with the data in Figs. 1 and 2, to calculate the
intrinsic rotation due to ion orbit loss from the formalism of
Sec. III. Then the effect of the divertor is treated separately
by calculating the X-loss, using the formalism of Sec. IV.
The intrinsic rotation of deuterium and carbon ions due to
ion orbit loss, as calculated with Egs. (1)—(6), and the intrin-
sic rotation due to the X-loss of deuterium ions, as calculated
with Egs. (7)—(10), are shown in Fig. 3.

There was a small external momentum input due to neu-
tral beam “blips” in both discharges, but these were after the
probe measurements, and the C*°® measurements were made

o
)

SRS S S N S
N

o
1 1

O O O O
J -

[N

—=— 2148598
—#— 2148600

W O s

lon Temperature (eV)

T T T 1~ 1 1 1
0.88 0.0 -3 g2 0984 056 0958 1.00 1.02

Nermalized Rsadius, rhe

FIG. 1. Measured ion temperature distributions in DIII-D discharges 146598
and 146600 at 1105 ms (data will be described in detail in Ref. 35).
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FIG. 2. Measured radial electric field distributions in DIII-D discharges
146598 and 146600 at 1105 ms (data will be described in detail in Ref. 35).

within a few ms of the first blips, so it is unlikely that the
blips had any significant torque effect upon the measured
rotation. The measured rotation generally peaked at mid-
radius then decreased with radius towards the edge, but then
increased sharply with radius just inside the separatrix, in
both discharges, as shown in Figs. 4 and 5. These increases
in measured co-current rotation just inside the separatrix are
comparable in magnitude and direction to the net ion orbit
loss sink of predominantly counter-current ions in the plasma
edge just inside the separatrix, which would produce a net
co-current rotation in the remaining ions.

The measured (probes) D rotation decreased with radius
in the plasma edge out to about 20 km/s at p =0.98 and then
increased sharply to about 30km/s at p=0.99 and about
40km/s at p =1.0. The ion orbit loss calculation of Eq. (5)
predicted net co-current deuterium velocities of about 12 km/s
at p =0.982 increasing sharply to about 25 km/s at p = 0.994.

:o"-j —s—D'I0L #146598
| —=—np"10L 2146800
Al ——c* 1oL =14658s
1074 —o—c™ 10L 5148800
j| —4—D"xLOss 5148588
.z |L=%=D"xLoss 21485398

Co-Current Parallel Yelocity {m's)

Normslized Radius, rhe

FIG. 3. Calculated intrinsic rotation velocities for ion orbit loss from Eq. (5)
and for X-loss from Eq. (10) for DIII-D ohmic discharges 146598 and
146600. (“C*® and “D” indicate carbon+6 and deuterium; “IOL” and
“XLOSS” indicate the ion orbit loss and X-loss calculations of Secs. IIT and
V).
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1

FIG. 4. Carbon toroidal velocity measured (CER) in the plasma edge of
ohmic DIII-D shots.

The CER (charge-exchange and recombination) meas-
ured C'® rotation exhibited a similar behavior but with
smaller magnitude, about 5-7km/s at p=0.98 and then
increasing to about 6-8km/s at p=0.99 and 6-9km/s at
p=1.0. The ion orbit loss calculation predicted net
co-current carbon velocities, about 0.6km/s at p=0.982
increasing sharply to about 7km/s at p=0.994, which are
similar to the measured values just inside the separatrix.

The measured deuterium and carbon rotation velocities
differed by about a factor of 5 just inside the separatrix,
while the ion orbit loss calculation predicted a difference of
about a factor of 3.6.

The evaluation of the minimum energy for X-loss is sen-
sitive to the angular width of the X-region. Based on mag-
netic field contours for the H-mode DIII-D shot*®®
discussed next, a value of the angular width of the X-loss
region A6, = 0.15 radians was estimated. Using this value of
A0, =0.15 and a larger value Af,=0.25, intrinsic rotation
due to X-loss was calculated to be 12 and 17 km/s, respec-
tively, at p = 0.994 and of 2.6 and 8.4km/s at p = 0.988.

Velocity (m/s)

Normalized Psi

FIG. 5. Mach-probe measurement of deuterium parallel velocity in DIII-D
ohmic shot 146598.
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The A0, =0.15 calculation is shown in Fig. 3. These values
of intrinsic rotation due to X-loss are smaller than the values
of intrinsic rotation due to ion orbit loss, and the two proc-
esses involve ions in similar energy ranges (which cannot be
lost twice), so the larger losses due to ion orbit loss are con-
sidered to be representative of the losses due to both proc-
esses for these two discharges.

B. Matched ELMing H-mode discharge 123302 and
resonance magnetic perturbation (RMP) discharge
123301

The DII-D ELMing (Edge Localized Mode) H-mode
discharge 123302 and the otherwise similar discharge 123301
(Refs. 36-38) with RMP coils (R=1.746m, a=0.599 m,
k=1.836, B=—-2.0T, [=1.5MA, Pyg=8.7MW) have
been extensively analysed®*>® and were chosen to illustrate
the magnitude of intrinsic rotation due to ion orbit loss and
X-loss that would be predicted for a typical H-mode discharge
and for a similar discharge that has quite different ion temper-
ature and radial electric field structure in the plasma edge, as
shown in Figs. 6 and 7. Both of these discharges were strongly
rotating in the co-current direction due to neutral beam injec-
tion. These discharges had the “standard” DIII-D configura-
tion of a clockwise magnetic field and a counter-clockwise
current, looking down on the tokamak, and a lower single null
divertor.

The intrinsic rotation due to ion orbit loss was calculated
using Eqs. (1)—(6) and the data of Figs. 6 and 7, for both the
deuterium and carbon impurity ions, and the intrinsic rota-
tion due to X-loss was calculated using Egs. (6)—(10) for the
deuterium ions. The momentum loss was preferentially of
ions with directions counter to the plasma current, as illus-
trated in Fig. 8 by the calculated fractional parallel momen-
tum loss rate (the integrand in the last form of Eq. (6)). This
preferential loss of counter-current momentum left the
plasma with a net co-current intrinsic rotation, as shown in
Fig. 9. Comparing the intrinsic carbon velocity due to ion
orbit loss with the CER measurement of carbon toroidal rota-
tion, it is clear that the predicted intrinsic carbon rotation is a

2000 ]

2000 4

lon Temperature {e¥)

T T T T I
08 088 080 0852 0954 056 0858 100 1.02
Normalized Radius, rho
FIG. 6. Measured ion temperature distributions in matched ELMing H-

mode discharge 123302 and RMP discharge 123301 at 2600 ms (data are
described in Refs. 36-38).
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FIG. 7. Measured radial electric field distributions in matched ELMing H-
mode discharge 123302 and RMP discharge 123301 at 2600 ms (data are
described in Refs. 36-38).

small fraction of the total carbon toroidal rotation driven by
the neutral beams, except just inside the separatrix where the
two become comparable. On the other hand, the predicted
intrinsic rotation due to ion orbit loss for deuterium is com-
parable to the measured carbon rotation over a significant
fraction of the edge plasma.

The predicted deuterium intrinsic rotation due to ion
orbit loss is much larger in the RMP discharge than in the
H-mode discharge. This is due to the hotter RMP discharge
having a larger population of higher energy ions that can
access loss orbits than the H-mode discharge and to the dif-
ferences in the electric field structure.

The deuterium intrinsic rotation due to X-loss is pre-
dominantly located just inside the separatrix for the H-mode
discharge, but there is a large intrinsic rotation due to X-loss
predicted from radii around p ~ 0.95 for the RMP discharge.
At the same time, for the RMP discharge there is a gap
between p ~ 0.96 and p ~ 0.98 in which there is no intrinsic

sunch angles on p=.282 flux surface st

—m— 6=0, outer midplane
1—*— 6=7/4 & 77/4, out quadrants
0.8 | —&— €=7/2 & 37/2, top & bottom
—y— 6=37/4 & 5%/4, in quadrants
—4— &=7%, inner midplane

co-current ctr-current

T L T L
-1.0 -0.5 0.0 0.5 1.0

Parallel Velocity Loss Fraction, I'@2, &, (L, ))/1(2)

z,Direction Cosine re B,

FIG. 8. Directional dependence of the parallel velocity ion orbit loss fraction
from several locations on the p = 0.983 flux surface for H-mode discharge
123302.
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FIG. 9. Calculated intrinsic rotation due to ion orbit loss and X-loss in
matched ELMing H-mode discharge 123302 and RMP discharge 123301 at
2600 ms (“C” and “D” indicate carbon+6 and deuterium; “iol” and “x” indi-
cate the ion orbit loss and X-loss calculations of Secs. III and IV; “H” and
“RMP” refer to H-mode and resonance-magnetic-perturbation; “Vphi” is the
CER measured toroidal velocity for carbon+6).

rotation because ions entering the X-region in that interval
cannot be X-loss at any reasonable energy because of the ra-
dial structure of the electric field in the RMP discharge.

C. Geometry dependence

The above considerations have been worked out for a
“standard” DIII-D lower single null divertor configuration
with the magnetic field in the clockwise direction and the
current in the counter-clockwise direction, looking down on
the tokamak. For this configuration the grad-B and curvature
ion drifts are downward into the divertor and the ctr-current
particles with {, > 0 have orbits outside the flux surface that
are preferentially lost by ion orbit loss and drift down and
outward into the divertor when trapped in the x-region, both
processes creating co-current intrinsic rotation. If the mag-
netic field were to be reversed to be parallel with the current
in the counter-clockwise direction looking down on the toka-
mak, then the grad-B and curvature ion drifts would be
upward, which should shut off the x-loss mechanism for a
lower divertor, but it is still the ctr-current particles (but now
with {, < 0) that have orbits outside the flux surface that are
preferentially lost, producing an intrinsic co-current. If an
upper divertor replaced the lower divertor then the upward
grad-B and curvature drifts would again be outward and the
X-loss mechanism would be turned back on for the parallel
counter-clockwise current and field configuration.

VI. SUMMARY AND CONCLUSIONS

The preferential directionality of the loss of ions from
interior flux surfaces by executing orbits that cross the last
closed flux surface (or any other exterior loss surface) causes
the remaining ions in the plasma to be predominantly of the
opposite directionality, which constitutes an intrinsic plasma
rotation in that direction. In the “standard configuration”

Phys. Plasmas 19, 112503 (2012)

DIII-D discharges considered, with the current counter-
clockwise and the magnetic field clockwise (looking down
from above), the resulting intrinsic rotation is co-current. A
calculation model for this intrinsic rotation was described,
and some applications to calculate intrinsic rotation in
DIII-D discharges were presented. The magnitudes of the
intrinsic rotation predictions just inside the seperatrix were
similar to those observed in DIII-D ohmic discharges. They
were also of sufficient magnitude in beam-heated discharges
that they should be taken into account in comparisons of
rotation theories with measurements in the edge plasma, cer-
tainly in DIII-D and probably in other strongly rotating
experiments as well.

Some interesting relationships between the radial elec-
tric field and the intrinsic rotation were found. This raises the
possibility of generating intrinsic rotation by controlling the
electric field in the edge plasma, which could be useful in
future tokamaks such as ITER.
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