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1. Introduction

The stabilization of plasma turbulence by sheared poloidal rotation [1] is thought to
explain enhanced confinement [2] in tokamak plasmas. One method proposed for controlling
sheared flow is the use of externally driven radio-frequency (RF) waves [3]. A number of
calculations [46] and some experiments{8] have suggested that a modest amount of power
in the ion cyclotron range of frequencies (ICRF) can drive the needed flows.

Previous calculations 6] have relied on incompressible fluid models which balance
RF forces in the poloidal direction against neoclassical viscosity. But the incompressible as-
sumption is not always valid, particularly for ion Bernstein waves (IBW). Also, since the IBW
is a kinetic wave by nature, a fully consistent model should include kinetic effects. In this
paper, RF driven flows are calculated from both compressible fluid and kinetic points of view.

2. Fluid and Kinetic Models for RF Induced Momentum Transport

The starting point is the Vlasov equation for a plasma in the presence of perturbing RF
electric and magnetic fields,
of

E#-V-Vf-l-%[Erl-VX(BU+B1)]‘va: 0 (1)

whereBy(r) is the static magnetic field akgl(r, t) andB4(r, t) are perturbing RF fields with
time harmonic dependence exR[A—wt)] wherew is the wave frequency. The distribution
function f can be expanded in powers of the electric field as

f(I‘,V,t) :fO(er)+f1(r7vvt)+F2(r7Vat) (2)

wherefq is the equilibrium solution,f; is the linear solutio] exp[i(k-wt)], andF; is the
slowly varying, second order response. The lowest order solutidg(for) is assumed to be
an isotropic Maxwellian The first order equation can be solvedfffr,v,t) in terms offy(r, v)
by integrating along unperturbed particle orbits [9]. The second order equation is [10]

OF, q
8t + V- VFQ + m
wherellJ represents a time average. The slowly varying ambipolar electri&fidlds been
neglected, but can be included by superposition of results from a later calculation.
In fluid models [4-6], the poloidal flow is found from the velocity moment of Eq. (3)

for each species

(Eo+v x Bg) - Vo F = — <%(E1 +vxB) -V, f(r,v, t)> (3)

t

0
a (n.smsVZ,s> + V- P2,.s - nsquO - n.sqSVQ,s X BO = <qsn1,sE1 + Jls X Bl>t —H nsmsVQ,s (4>

wherengV, s =[ VF, ¢ dv is the slowly varying flow velocity, an&, s =J mvvF; dv is the
second order, nonlinear pressure tensor. The last term in EqQ. (4) represents momentum lost due
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to collisions, wherg is the neoclassical viscosity. The poloidalqgomponent of Eqg. (4) yields

ovy .
NgMmyg ( 8; Y + Q ‘/21 + NJ%}/) - - (V : P2,s)y + <qsn1,sE17y + (Jl,s X Bl)y>t (5)

where Qs is the cyclotron frequency. Summing over spesjebe second term on the left
(proportional tonsVa,® ) sums to zero by ambipolarity, and in steady state, we are left with
,Usz Z v P2 s’ <q5n1,sE1,y + (Jl,s X Bl)g>t] (6)
whereV,,, is the mass averaged flow velocity in the poloidal directionpdpib the total mass
density. A similar result can be derived for the toroidal flow velocity. The first term on the
right of Eq. (6) is the "Reynolds stress"”, and the second term is the "electromagnetic (EM)
force". For closure in the fluid model, the second order pressure ngsrapproximated as

the time average of the product of first order oscillating velodijgd]nsms [V, Visld in

which case, the Reynolds stress becomes

(V- PZ,S)y = ngmy((Vis- v)vlsy + Vi (V- Vi) (7)

whereV s is calculated from the plasma current for each speci&s as Jis/ nsgs. For
incompressible forces as in the case of plasma turbulence, the second term (proportional to
UV;¢) has been neglected-d]. But for some RF heating modes (particularly IBW) this
assumption is not correct, and this term must be retained.

For waves which are intrinsically kinetic such as IBW, momentum can be carried by
particle motion on the scale length of the wave. This is analogous to the "kinetic flux" [11] in
energy transport. To treat this flow accurately, and to avoid approxiniatfogclosure in the
fluid model, a kinetic treatment is necessary. In this case, EqQ. (3) can be solved dirégtly for
in terms of f; by integrating along unperturbed orbits:

t

By(r,v,t) = —lim [ dt' (LB t) + V' x By, )] - Vo fy (1, V) ) (8)
Y= m ¢
0
To properly treat singularities at cyclotron resonancis, assumed to have a small imaginary
party. Also, the lower limit on the integral is chosen to be O rather th@nto avoid the
singularity inF, at t=—-o0 andy - 0. The time averaged power deposititMi/dtcan be

found by taking the energy moment of Eq. (8) and differentiating with respect to time
/va 0F2 v >0 (9)

This is equivalent to the power deposition calculated in Refs1fl]2 These references show
that Eq. (9) is positive definite even when significant energy flux is carried by the particles. By
analogy with Eq. (9), the total force per unit volume inytloérection is given by

dV ,S 8F2,s
X A W A s e OR A )

t
where the time average is over a cyclotron period to eliminate fast transients. In the-l0nit
there is a "resonant” part of Eq. (10) that is proportional to time and contains the increasing
velocities and energies associated with the RF fields. In the interest of examining the RF forces
before the plasma equilibrium has begun to change, we=setn those terms. As in the fluid
model, the steady state poloidal flow velocity can be calculated by balancing Eq. (10) against
neoclassical viscosity in the poloidal direction.
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3. Numerical Results for the RF Induced Poloidal Flow Velocity
In this section, the RF driven flow velocity in thgpoloidal) direction is calculated
using the fluid and kinetic models developed above. In both models, the RF fields are calcu-
107 Plosma profiles lated from a full wave numerical solution to
C SIS N E Maxwell’'s equations [15] which resolves the
izooo IBW scale length in 1-D. The plasma is
15000 modeled as a finite temperature, perpendic-
Voo ularly stratified 1-D slab. The plasma cur-
] rentis expanded to second order in
s N gyroradius. Parameters are modeled after
Ty e the Alcator C-Mod experiment [16]; i.e. ma-
R (m) jor radiusRy= 0.67 m, minor radiua = 0.20
Fig. 1. Density, temperature and magnetic field profiles for al-D m, and applied magnetic fieBh= 4.0 T on
tokamak plasma with R =0.67 m, a=0.20 mand B(0) =4.0 T. . . . .
axis. The antenna is located just outside the
plasma aR=0.88 m, and is characterized by a toroidal wave nurkberl0 m*, and poloidal
wave numberk, = 0 mt (i.e. no net input of poloidal momentum). Plasma profiles are shown
in Fig. 1.
Figure 2 compares the poloidal flow velocity as calculated from three different models:
(a) incompressible fluid, (b) compressible fluid, and (c) kinetic. The plasma consists of a 10%
minority of hydrogen (H) in helium-3 (Hg and the frequency is near the first harmonic of the
minority H. Absorbed power is 1 MW for all cases. To suppress mode conversion to IBW near
the two ion hybrid resonance lay&yhas been chosen artificially large. The long dashed line
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Fig. 2. Poloidal flow velocity for f = 50 MHz, B(0) = 4.0 T and kz = 26 m-1.

shows the EM force, the short dashed line shows the Reynolds stress, and the solid line shows
the sum of both terms, i.e. the total flow velocity. The effect of compressibility in Fig. 2(b) is to
slightly reduce the contribution of the Reynolds stress. Kinetic effects, on the other hand, give
a slightly larger Reynolds stress than the fluid models. The magnitude of the flow is compa-
rable in all three cases. Similar results are found near the second harmonic resonance.

The situation is quite different for directly launched IBW as shown in Fig. 3. Here, the
plasma consists of a 2% minority of He deuterium (D). The antenna is just in front of the
second harmonic of D, and IBW is launched directly from the plasma edge. Again there is no
net input of poloidal momentunk(= 0). As expected for IBW, compressibility is extremely
important in the fluid model, and the flow is reduced by two orders of magnitude in Fig. 3(b).
What is perhaps not expected is the additional decrease observed in the kinetic result. In this
case, wave damping is due predominantly to Landau damping (LD) and magnetic pumping
(TTMP) in thez (toroidal) direction. But fok, = 0, the wave has no poloidal phase velocity,
and there can be no analogue to LD or TTMP in the poloidal direction. Therefore, momentum
in they direction can only change due to second order finite Larmor radius terms, and the
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Fig. 3. Poloidal flow velocity for f = 44 MHz, B(0) =4.0 T and kz = 10 m-1.

resulting flow in Fig. 3(c) is very small. Similar results are found for IBW generated by mode
conversion.

We conclude that the choice of an appropriate model depends strongly on the type of
wave considered. For electromagnetic waves such as the fast magnetosonic wave in Fig. 2,
fluid models give a reasonable approximation to the complete result. But for electrostatic
waves such as directly launched IBW in Fig. 3, this is not the case. Here both compressibility
and kinetic effects are important, and a kinetic treatment is required. Significant flows are
driven at both first and second harmonic ion resonances evign=@. But such flows do not
occur when wave damping is predominantly due to LD and TTMP sink&g+d, there can be
no match between thermal speed and the phase velocity of the wave in the poloidal direction.

Acknowledgments

The authors wish to thank R. Koch, P. H. Diamond, B. A. Carreras, K. H. Burrell, J.
Myra, D. A. D’lppolito, M. D. Carter, J.-N. Leboeuf, D. E. Newman, C. K. Phillips, P. T.
Bonoli and M. Murakami, for helpful discussions. This work is sponsored by Oak Ridge Na-
tional Laboratory, managed by Lockheed Martin Energy Research Corp. for the U.S.
Department of Energy under contract number DE-AC05-960R22464

References

[1] H. Biglari, P. H. Diamond, P. W. Terrnhys. Fluids B, 1(1990).

[2] F. Wagner, et. alRhys. Rev. Lettl9, 1408 (1982).

[3] G. G. Craddock, and P. H. Diamonéhys. Rev. Let67,1535 (1991).

[4] G. G. Craddock, P. H. Diamond, M. Ono, and H. BigRahys. Plasmag, 1944 (1994).
[5] F. Y. GangPhys. Fluids B, 3835 (1993).

[6] C.-Y.Wang, E. F. Jaeger, D. B. Batchelor, K. L. Sidiknmys. Plasmag, 3890 (1994).
[7] T. Seki, et. al.Nucl. Fusion32, 2189 (1992).

[8] B. LeBlanc, et. al.Phys. Plasmag, 741 (1995).

[9] T. H. Stix,Waves in Plasma#&merican Institute of Physics, New York (1992).

[10] R. R. MettPhys. Fluids Bt, 225 (1991).

[11] D. N. SmithePlasma Phys. Contr Fusi@i, 1105 (1989).

[12] B. D. McVey, R. S. Sund, and J. E. Schapéys. Rev. Letg5, 507 (1985).

[13] J. Vaclavik and K. ApperRlasma Phys. Contr. Fusid®, 257 (1987).

[14] M. Brambilla and T. KruckerRlasma Phys. Contr Fusi@0, 1083 (1988).

[15] E. F. Jaeger, D. B. Batchelor, H. WeitznBiycl. Fusion28, 53 (1988).

[16] Bonoli, et. al.Phys. Plasmad, 1774 (1997).

1229



