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Wave-Induced Momentum Transport and Flow Drive in Tokamak Plasmas
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Wave-induced flows are calculated from high-resolution electromagnetic field calculations with ei
a compressible Reynolds stress or a second-order kinetic pressure model for the radio frequency f
Results show that electron Landau damping and magnetic pumping, by themselves, do not le
significant poloidal flow as long as there is little net input of momentum by the wave. But ion-cyclot
damping of either fast magnetosonic waves or ion-Bernstein waves can drive significant poloidal fl
at power levels typical of plasma-heating experiments. [S0031-9007(99)08584-1]

PACS numbers: 52.50.Gj, 52.35.Ra, 52.55.Fa
del
l
ic

n-
inst

al
-

-

or,

y

)
er

g

As presently understood, the development of an attra
tive magnetic fusion power reactor requires operation
an enhanced confinement mode. These modes are thou
to result from the stabilization of plasma turbulence b
sheared poloidal rotation [1] and are induced by combin
tions of wall conditioning and plasma-heating technique
However, they are difficult to control, and the extension t
steady state is uncertain. One method for addressing th
issues is the use of externally driven radio frequency (r
waves [2]. A number of calculations [3–5] and some ex
periments [6,7] have suggested that a modest amount
power in the ion-cyclotron range of frequencies is suffi
cient to directly drive the needed plasma flow. Amon
the waves examined, the ion-Bernstein wave (IBW) h
been one of the most promising.

In this Letter we present new assessments of rf flo
drive based on high-resolution electromagnetic (EM) fie
calculations, with either a compressible Reynolds stre
or a kinetic pressure model for the rf forces. Thes
models address two key assumptions used in previo
analyses: (1) The flow response is incompressible, a
(2) the rf pressure can be represented by a Reyno
stress [3–5]. IBWs rely on a compressible plasm
response to propagate, and we find that compressibi
is also needed to provide even a qualitatively corre
understanding of the flow response. Even with th
inclusion of compressibility, the Reynolds stress estima
for the rf pressure can be significantly different from th
kinetic pressure result when finite Larmor radius effec
are important. This is perhaps not surprising becau
the Reynolds stress approximation is usually invoked f
turbulent systems, and itsa priori validity for coherent
waves is not clear.

Results here show that ion-cyclotron damping of eith
fast waves or IBWs can drive significant poloidal flow
at power levels typical of plasma-heating experiment
But electron Landau damping (LD) and transit tim
magnetic pumping (TTMP), by themselves, do not lea
to significant poloidal flow.

We first review previous fluid calculations for the rf
forces while retaining finite compressibility. Next, to
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eliminate the Reynolds stress assumption, a kinetic mo
for the rf force is developed. Wave-induced poloida
flows are then calculated for both fast magnetoson
waves and directly launched IBWs.

Poloidal flows can be estimated by balancing mome
tum sources (EM forces and rf pressure gradients) aga
losses. For a speciess with distribution functionfs, the
momentum moment of the Vlasov equation gives

≠

≠t
snsmsusd 1 = ? Ps ­ nsqssE 1 us 3 Bd

2 mmsnsus , (1)
wherens ­

R
fs d3y is the density,nsus ­

R
vfs d3y is

the particle flux, andPs ­ ms

R
vvfs d3y is the pressure.

The poloidal momentum loss is given by neoclassic
viscosity m [4,5]. The tokamak is modeled as a one
dimensional (1D) slab wherex and y are radial and
poloidal coordinates, respectively.

In the center of mass frame [V ­ s1yrT
md

P
s msnsu

with rT
m ­

P
s nsms], the pressure tensor can be ex

pressed as the sum of a “thermal” component,

p ­
X

s
ms

Z
fssv 2 Vd sv 2 Vd d3y , (2)

and a convective component or Reynolds stress tens
rT

mVV. Then summing over species, Eq. (1) gives
≠

≠t
srT

mVd 1 = ? srT
mVVd ­ 2= ? p 1 rT

q E 1 J 3 B

2 mrT
mV , (3)

whereJ ­
P

s nsqsus andrT
q ­

P
s nsqs.

We now consider a perturbing rf wave with frequenc
v and electric and magnetic fields,E1sr, td andB1sr, td ~

expfisk ? r 2 vtdg. Equation (3) is linearized in powers
of these rf fields, where first-order (rapid time variation
quantities are denoted by subscript “1,” and second-ord
(slow time variation) quantities by subscript “2.” The
second-order flow velocity can be found by averagin
over time and assuming steady state. The result is

mrs0d
m V2 ­ krs1d

q E1 1 J1 3 B1lt 2 = ? srs0d
m kV1V1ltd

1 J2 3 B0 2 = ? p2 , (4)
© 1999 The American Physical Society 1871
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where k lt represents the time average. The first ter
on the right is the EM force, and the second is th
Reynolds stress. They component ofJ2 3 B0 sums
to zero by ambipolarity. In addition, previous model
have assumed= ? p2 ­ 0 and incompressible wavess= ?

V1 ­ 0d, yielding for they component of Eq. (4) [3,4]

V2,y ­
1

mrs0d
m

fkrs1d
q E1,y 1 sJ1 3 B1dylt

2 rs0d
m ksV1 ? =dV1,yltg . (5)

BecauseV1 is mass weighted, ion damping will be more
effective in driving flow than will electron interactions.

Previous analyses have, in most instances, implici
assumed incompressibility by omitting a term from th
linearized momentum equation. Using the density m
ment, the usual form for the left side of Eq. (3) i
rT

mf≠Vy≠t 1 sV ? =dVg. Even in steady state, the term
krs1d

m ≠V1y≠tlt is present and is equal toV1= ? srs0d
m V1d.

To avoid assuming= ? p2 ­ 0, a second-order kinetic
analysis is necessary in addition to the usual first-ord
treatment forV1. Both are found from solutions to the
Vlasov equation,

≠f
≠t

1 v ? =f 1
q
m

fE1 1 v 3 sB0 1 B1dg ? =yf ­ 0 .

(6)

The distribution function is expanded in powers of th
electric field as f ­ f0 1 f1 1 f2, where f0 is the
equilibrium solution,f1 is the linear solution~expfisk ?

r 2 vtdg, andf2 is the slowly varying (in time), second-
order response. We assume thatf0 is an isotropic
Maxwellian and we use the well-known solution fo
f1sr, v , td [8]. The second-order, time-averaged Vlaso
equation can then be written in terms off1 as [9]

≠f2

≠t
1 v ? =f2 1

q
m

sE0 1 v 3 B0d ? =yf2

­ 2

*
q
m

sE1 1 v 3 B1d ? =yf1sr, v , td

+
t

. (7)

Second-order electric fields are neglected in Eq. (7) b
are not needed for estimates of the rf forces [10
Equation (7) can be solved forf2 by integrating along
unperturbed orbits. We choosef2 j t­0 ­ 0 so that

f2sr, v , td ­ 2
Z t

0
dt0

3

*
q
m

Fsr0, v 0, t0d ? =y0f1sr0, v 0, t0d

+
t

. (8)

The total force in the poloidal direction is the sum o
the EM force,

FEM
y,s ­

1
2

Re
Z

d3y qsfE1,y 1 sv 3 B1dygpf1,s , (9)

and they component of the kinetic pressure gradient,
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s= ? P2dy,s ­

*
ms

≠

≠x

Z
d3y yxyyf2,s

+
t

, (10)

where the time average is over a cyclotron period
eliminate the arbitrary initial phase assumed att ­ 0.
Combining Eqs. (9) and (10), the total poloidal flo
velocity is given by

V2,y ­
1

mrs0d
m

kFEM
y 2 s= ? P2dylt , (11)

where FEM
y 2 s= ? P2dy is summed over species. T

describe rf interactions up to third harmonic, Eq. (1
has been expanded to third order in the ion gyroradi
wavelength.

The rf fields needed for the force balance evaluat
are calculated from a full-wave numerical solution
Maxwell’s equations [11], which resolves the IBW sca
length in 1D. A third-order expansion in ion gyroradiu
wavelength is also employed in this calculation. Param
ters are modeled after the Alcator C-Mod experiment [1
major radiusR0 ­ 0.67 m, minor radiusa ­ 0.20 m, and
magnetic fieldB0 ­ 4.0 T on axis. The antenna is lo
cated just outside the plasma atR ­ 0.88 m and is char-
acterized by a toroidal wave numberkz ­ 10 m21 and a
poloidal wave numberky ­ 0 m21 (i.e., no net input of
poloidal momentum by the wave). Plasma profiles a
assumed to be parabolic with central density and temp
tures:n0 ­ 1.5 3 1020 m23, Te,0 ­ 2.5 keV, andTi,0 ­
1.5 keV.

Figure 1 shows the poloidal flow velocity for fast wave
launched in a helium-3sHe3d plasma with 10% minority
hydrogen (H). The frequencys f ­ 50 MHzd is near the
first harmonic of the minority H, and the power absorb
is 1 MW. To suppress mode conversion to IBW ne
the two ion hybrid resonance,kz is chosen artificially
large. The poloidal flow velocity is calculated from
three different models: (a) incompressible fluid [Eq. (5
(b) compressible fluid [Eq. (5) with= ? srs0d

m kV1V1ld],
and (c) a kinetic rf pressure model [Eq. (11)]. The lon
dashed line shows the contribution of the EM force (t
same for all models), and the short dashed line sho
the contribution of the Reynolds stress and/or rf pressu
The solid line shows the total flow velocity. The effe
of compressibility in Fig. 1(b) is to slightly reduce th
contribution of the Reynolds stress. Kinetic effects
Fig. 1(c) give an rf pressure that is about 20%–30
larger than the Reynolds stress from either of the flu
models. While the kinetic modifications to the rf pressu
are relatively small, they are sufficient to reverse the
flow relative to both fluid models. This follows from
the near cancellation of the EM and rf pressure forc
and highlights the sensitivity of the net flow to details
the model for electromagnetic waves. Results similar
those in Fig. 1 have been found for minority ion-cyclotro
damping of fast waves at the second harmonic resona
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FIG. 1. Poloidal flow velocity for fast waves absorbed near the two ion hybrid resonance with 10% H in He3, f ­ 50 MHz,
Bs0d ­ 4.0 T, andkz ­ 26 m21: (a) incompressible fluid, (b) compressible fluid, and (c) kinetic model.
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Figure 2 shows a contrasting result for IBW that i
launched directly from the plasma edge. In this cas
there are no cyclotron resonances in the region plott
and all wave damping is due to electron LD and TTMP
The plasma consists of a 2% minority of He3 in deuterium
(D), and the antenna is just in front of the secon
harmonic of D. Although there is no net input of poloida
momentum sky ­ 0d, the incompressible fluid model
induces net momentum in Fig. 2(a). With the inclusion o
compressibility in Fig. 2(b), no net momentum is driven
and the magnitude of the flow is reduced by 2 orders
magnitude. This breakdown in momentum conservati
results from using rf fields based on a compressib
plasma response in a flow model that is incompressible

In the kinetic result of Fig. 2(c), the rf pressure is abo
a factor of 5 less than the Reynolds stress and is exac
canceled by the EM force giving no net poloidal flow
Physically, sinceky ­ 0 (i.e., no net perpendicular mo-
mentum input), perpendicular momentum transport is r
quired to induce poloidal flow. However, both LD and
TTMP are l ­ 0 resonancessv ø kzythd and transfer
energy and parallel momentum directly to electrons wi
little perpendicular motion. Thus, perpendicular intera
tions apparently require ion-cyclotron resonancessl $ 1d
with scale lengths comparable to the ion Larmor radiu
Even if ky were finite, the momentum density of the wav
is too small to drive significant flow in they direction.
FIG. 2. Poloidal flow velocity for directly launched IBW absorbed by electron LD and TTMP with 2% He3 in D, f ­ 44 MHz,
Bs0d ­ 4.0 T, andkz ­ 10 m21: (a) incompressible fluid, (b) compressible fluid, and (c) kinetic model.
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The last result, in Fig. 3, is closest to IBW experiment
that employ resonant ion absorption. In this case, th
magnetic field is reduced to 3.26 T, which puts the
third harmonic resonance behind the antenna and giv
very strong absorption at the second harmonic of D i
front of the antenna. The compressible calculation i
Fig. 3(b) shows a significant flow feature in front of the
second harmonic resonance even though its magnitu
is reduced by about a factor of 30 when compared wit
the incompressible analysis. The kinetic pressure mod
gives a still smaller flow, and the second, negative-goin
feature is absent. Overall, momentum conservation
preserved since the narrow positive-going peak sits on
much smaller and wider negative feature.

To evaluate the possibilities for turbulence suppressio
in Figs. 1–3, the approximate flow shear can be calculate
by differentiating the poloidal flow velocity with respect
to R. The magnitude of the shear needed for turbulenc
suppression has been estimated in Ref. [1] and is appro
mately2 3 105 s21 for Alcator C-Mod parameters. For
the case in Fig. 1, the power level of 1 MW produces flow
shear in the required range. In Fig. 3(c), the flow shea
for 1 MW is approximately 10 times larger than required

Present IBW flow drive experiments have frequencie
that are at high harmonics of the ion-cyclotron frequency
typically 5 times Vc,i [6,7]. Results presented in this
paper cannot be directly compared with these experimen
1873
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a with
FIG. 3. Poloidal flow velocity for directly launched IBW absorbed by second harmonic ion-cyclotron damping in a D plasm
f ­ 44 MHz, Bs0d ­ 3.26 T, andkz ­ 10 m21: (a) incompressible fluid, (b) compressible fluid, and (c) kinetic model.
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because the third-order gyroradius expansion can descr
only ion interactions at frequencies near or below th
third harmonic. But if the results in Fig. 3 are roughly
applicable to higher harmonics, a several-fold reductio
in predicted flow shear might be expected as a result
including compressibility or use of the kinetic rf pressure
Even with this reduction, the correspondence betwe
experiment and model might still be reasonable. Th
needed level of flow shear is uncertain, and it may n
be necessary for rf to provide all of the drive. Som
fraction of the flow could be driven by Reynolds stres
resulting from the plasma turbulence itself. In addition
the experimental flow measurements are difficult, an
several possibly significant effects are excluded from th
present models. These include the radial transport nee
to maintain ambipolarity in the presence of rf forces
finite ky , finite density and magnetic field gradients, an
two-dimensional (2D) effects accounting for both spatia
variation in the resonant interaction region and dampin
of 2D flow structures. Also, the scale length of the flow
structure in the present models is small (on the ord
of an ion Larmor radius), and this regime has not bee
evaluated for flow stabilization. Any of these effect
could reduce or increase model estimates for rf-drive
flows and/or critical values for turbulence suppression.

We conclude that both compressibility and secon
order kinetic rf pressures can have a significant effect
rf-driven flows. Compressibility is particularly important
for longitudinal waves such as IBW. For all cases, th
flows predicted by the kinetic pressure model are signi
cantly different from those indicated by the Reynolds
stress-based analysis because of finite Larmor rad
effects and/or the sensitivity of the net flow to a nea
cancellation of the EM and rf pressure forces.

With respect to flow drive prospects, the present mod
indicates that forky ­ 0, significant flows cannot be
1874
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driven by electron LD and TTMP alone. But ion-
cyclotron damping of either fast waves or IBW remain
a promising technique for driving the sheared flow neede
for reduced plasma turbulence and improved plasm
confinement. Given the range of potentially importan
physics issues not included in the present models (f
example, higher harmonic interactions), more experimen
are needed to point toward the essential physics.
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