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Here, we propose and analyze a technique for active suppression of tokamak edge turbulence.
Suppression occurs due to the effects of a sheared radial electric field generated by externally driven
radio-frequency waves. Plasma flow is induced by radially varying wave-driven Reynolds and magnetic
stresses, and opposed by neoclassical damping. For Alfvénic flow drive, the predicted shear flow profile is
determined by ion inertia and electron dissipation effects. Results indicate that a modest amount of ab-
sorbed power is required for edge-turbulence suppression. More generally, several novel results in the
theory of momentum transport by electromagnetic fluctuations are presented.

PACS numbers: 52.30.—q, 52.35.Ra, 52.55.Fa

The understanding and control of turbulent transport
of heat and particles are the principal obstacles confront-
ing controlled fusion research today [1]. Progress toward
this end has been aided by the discovery of various im-
proved confinement regimes. Foremost of these is the H
mode [2], in which a transport barrier spontaneously
forms at the plasma periphery or edge, resulting in the
development of steep density and, occasionally, tempera-
ture gradients. Prior to the formation of this barrier, i.e.,
during the L mode, this periphery region is characterized
by large electromagnetic and density fluctuation levels,
indicating a region of strong edge turbulence [3]. Re-
cently, the L — H transition has been observed to coin-
cide with the onset of large poloidal flows in the edge re-
gion [4]. Such flows are thought to be symptomatic of a
strongly sheared inward electric field, which in turn can
suppress turbulence and transport via shear-enhanced
decorrelation [5]. The transport barrier then forms as a
consequence of the turbulence suppression. Indeed, re-
cent studies of edge shear layer structure in non-H-mode
discharges indicate that shear decorrelation is likely to
play an important role in regulating edge transport in a//
confinement regimes [6].

In this Letter, we discuss the suppression of turbulence
using sheared electric fields generated by externally
driven radio-frequency (rf) waves. This technique for
turbulence suppression has several potential advantages
over the spontaneous L— H transition. First, it allows
enhanced confinement with E, > 0, thus preventing the
undesirable impurity accumulation characteristic of spon-
taneous H mode (with E, <0), and facilitating ash re-
moval. Second, the proposed technique can render edge
localized mode (ELM) [7] control feasible, via con-
finement control. Third, rf flow drive permits controlled,
perturbative experiments on the L — H transition and an-
gular momentum transport. Finally, rf flow drive does
not suffer from the limitations intrinsic to electrode-
driven flows [8] or from the disadvantages of wall-
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sputtering associated with flow drive by neutral-beam in-
jection [9].

While rf flow drive is possible in a broad range of fre-
quencies, we focus here on Alfvén-wave flow drive. This
frequency range of flow drive has inherent basic physics
interest outside the realm of magnetic fusion. Indeed,
flow drive processes are analogous to wave-driven dyna-
mos [10] or wave helicity injection. Therefore, wave-
driven flows could be present in regions of wave-driven
dynamo activity. In this sense, the theory of Alfvén-
wave-driven flows can be applied to resonant absorption
in the magnetosphere [11] and the solar corona [12] as
well as in accretion disks [13]. Flows driven by Alfvén
waves can also impact the star formation process [14].
Here, waves can spin up ionized protostellar clouds, thus
triggering rotation-driven dynamos.

In fusion, our choice of the Alfvén frequency range is
motivated by considerations of relatively good coupling
efficiency, the (high) relative size of the frequency com-
pared to the edge decorrelation rate Aw, simplicity, and
the desire to facilitate insight into a recently proposed, re-
lated scheme for flow drive using oscillating fields driven
by external resonant coils [15]. To minimize losses due
to radial attenuation, we anticipate the location of the
Alfvén resonance r, [where w =k (r;)va, vi=B3/4npo,
po is the ion mass density, and Bo(r;)-V=Bik,(r,)] to
be in the plasma edge. The external rf field rapidly un-
dergoes mode conversion to the kinetic shear Alfvén wave
(KSAW) [16] for r <r, in a hot edge (vg <vre, v7e is
the electron thermal velocity) and for r=r, in a cold
edge [17] (v4>v7.). In the former case, we envision
placing r; very close to the edge to minimize evanescence
prior to the resonance, while in the latter case we would
attempt to place r, slightly inside the edge to set up a
reflected wave. (We choose the frequency of the wave to
avoid driving a standing wave at the edge.) Bulk plasma
flows are then driven by the KSAW, for which the radial
wave vector kR is given by (under the assumption of elec-
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tron temperature much greater than ion temperature)

kR=kR+ikR, (1a)
wz 1/2 n 1/2
kRp,=|A -1 =|A -1 , (Ib)
PP ke ] ] J ]
6e ©
kiRpx k. Ikr psl . (IC)

Here, for |r—r‘| > L, (L, is the density scale length),

A=1 for a hot edge and A—- —mew?/wlkip? for a cold
edge (where p2=c2/w2, c2=T./m;, w. is the ion cyclo-
tron frequency, T, is the electron temperature, m, is the
electron mass, and m; is the ion mass). Note that since
A <0 for the cold edge, then the radial wave number is
real (radially propagating wave) for n <n¢ while for
n>ne, the wave is evanescent. For |r—ri| <L,,
A— (py/L,)**A, on account of the Airy-function depen-
dence of the KSAW wave near resonance. Thus, the
wave propagates radially for r <r; (hot edge) and for
r=r, (cold edge), with wave damping determined by the
nonadiabatic electron dissipation .k .. For a collisionless
hot edge plasma (kyv7.>v.)

For a cold edge plasma,

2
k!lzv’lz"e ‘

The evolution of the average flow (V4(r)) driven by the
KSAW is determined by

6ek 0= + 2\/— exXp
[k | U7,

KV d{P)r
YR ulVe) = g (3a)
(PYr=—(V,Ve)+{B,Bo)/4np, . (3b)

In this cylindrical model, (Vy(r)) = —c(E,(r))/Bo. Here
u is the neoclassical damping factor [18] [for the
Pfirsch-Schliiter regime, relevant for tokamak edges,
u=(a/R)’w#/vi, where R/a is the aspect ratio, wr, is
the ion transit frgqyency, and v;; is the 90° ion-ion col-
lision time] and V,B are KSAW fluctuations. {(P)r is the
quasilinear Reynold’s stress, determined by the difference
of the fluid ((¥,V4)) and magnetic ({B,By)) stresses. Al-
ternatively, {(P)r may be thought of as a ponderomotive
pressure, driven by the self-beats of the KSAW. Equa-
tion (3) indicates that radially propagating waves, with
radially varying wave energy density flux, are required
for flow drive [19]. Equation (1) clearly implies that the
KSAW satisfies both requirements. Furthermore, Eq.

S =Jm ) -’ (2a) (3) implies that an imbalance between the fluid and mag-
ko =V |k vlore kivd |’ a netic stresses is required as well. Since, for the KSAW,
¥k =1+ Ak2p?) fx, where y/k-wAuk/cku, ion inertia, via
and for a collisional hot edge plasma (v, > kyvr,) the polarization drift, provxdes such an imbalance. Thus
wk fofe/ve ep(r)

Sek.c (2b) (P)r =k[Rkop2c? k2 A, 4)

ek, 2+(k|| UT,,/V‘; T r KoPs Cs Te rPs

| and, for steady flows (near the resonance),
koc? | @& (r )| [ o2 2
- 2 § r _ _ R|. _

Vo(r)) =6.x.0A ] K2pic Kol 1| exp(—2kR|lr—r). )

Here A? accounts for the structure of the Airy function
and the nature of the plasma response (cold or hot, etc.).
We note here that details of whether the wave propagates
to r =0 or reflects, or of the Airy function, do not qualita-
tively alter the simple physics of the flow drive mecha-
nism. The result of Eq. (5) follows from the balance of
the gradient of the ponderomotive pressure d{P)r/dr with
the neoclassical damping. Also,

—pscsVoled/T.) =0&.(r;) /0t

has been used to eliminate e¢/T, in favor of the KSAW
displacement at the resonant surface, & (r;). Finally, Eq.
(5) is valid only for r <r, (hot edge) and r > r, (cold
edge).

The structure of the flow field predicted by Eq. (5) has
several interesting features. First, it should be noted that
flow is driven by the electromagnetic torque induced by
the quasilinear Reynold’s stress and not by particle reso-
nance with directed waves. Thus, the flow drive mecha-

v, =
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nism is macroscopic in nature, and does not involve
modification of the microscopic structure of the ion distri-
bution function. Second, from Eq. (1) (Ve(r))
~ (kR?p2)2A2, consistent with the fact that ion inertia
determines the imbalance between fluid and magnetic
stresses. Third, since kX =(8.x../2)kR, electron dissipa-
tion determines the width of the velocity shear layer, and
is clearly necessary for a stationary mean flow. Note that
the shear layer width will tend to increase with decreas-
ing 8.k and with increasing 7, in a hot edge plasma.
Fourth, (Ve(r))~k,, so that varying the poloidal orienta-
tion of the launched wave controls the direction of rota-
tion. Finally, it is clear from Eq. (5) that the density
profile, as well as the wave damping, contributes to deter-
mining the profile of (V,(r)).

It is interesting to compare the results described above
to those obtained from a consideration of the viscoresis-
tive Alfvén wave (where w<<v, and k7. <<v.) in an
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infinite medium. Indeed, the problem of flow drive by
these waves has much in common with viscoresistive
current drive or the wave-driven dynamo, a topic of con-
siderable present interest [10,20]. For these waves

i(v+ ki
k"=£[l+l_(v_.r]_)._i], 62a)
Uy 20
~ —kywj By
Vi=———F=— | — (6b)
k (w+ivk?) | Bo

where v is the kinematic viscosity. Equation (6a)
expresses the fact that resistive and viscous dissipation
damp Alfvén waves as they propagate along magnetic
field lines. Using Eqgs. (6a) and (6b), a short calculation

yields
2 - -
(50 5)
U4 —_— ).
By By

Note that, here, the difference between resistivity and
viscosity, rather than ion inertia, determines the imbal-
ance between fluid and magnetic stress. Indeed, the re-
sult of Eq. (7) is quite reminiscent of previous calcula-
tions of Alfvén-wave-driven dynamo activity [21] and
current drive [10]. In the former case, the net “a effect,”
determined by the difference of fluid and magnetic helici-
ties, vanished for equipartitioned, equialigned, and equi-
dissipated 3D magnetohydrodynamic (MHD) turbulence.
In the latter case, a circularly polarized Alfvén wave was
shown to drive a quasilinear toroidal electric field of the
form (E.)=[(n —v)k2/wl|B,|% Also, in this case, resis-

(n—v)k}
20

<P>T=_ [ (7)

J
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In deriving Eq. (10b), de,/dx=4npow?/L, was used,
since 1/L,> |ky "dky/dr| for low-m, edge-resonant
KSAW’s. Note that the suppression criterion S(r) =1
determines the amount of absorbed power (P,ps) neces-
sary for an enhanced confinement zone of given width.
For example, in the case of drift-wave turbulence (Awy
~Wxe, koAxy~1, kgp;~0.2) in the cold edge of TEXT
(Bo=2 T, no=5x10"'2 cm ™3, T,=30 eV), P,s~300
kW is required for a 8-cm-wide zone of good confine-
ment. Similar calculations in the marginally cold (almost
hot) edge of DIII-D in the L mode (Bo=2.1 T, no=10"3
cm?, T, =150 eV) indicate that P~ 300 kW will pro-
duce a 5-cm-wide turbulence-suppression zone. It is in-
teresting to note that the power requirement is deter-
mined primarily by the desired width of the suppression
zone, and not by the peak value of the velocity shear.
This is a consequence of the fact that

d\Ve(r)/dr — 6% wexp(—2kR|r—r]),
where kX =(8.x »/2)|kX| and
kR=(a"pg) (@ /kfei—1)"2,

poaRpycs

tive and viscous dissipation, rather than electron Landau
damping, provides the necessary ‘“‘phase shift.” It is also
amusing to observe that while current drive is maximal
for circular polarization, viscoresistive Alfvén-wave flow
drive is maximal for plane polarization. Finally, it is
readily apparent from Eq. (7) that dissipation and radial
localization are necessary for viscoresistive Alfvén-wave
flow drive.

The goal of flow drive is to suppress turbulence, there-
by improving confinement. Thus, electric-field shear
must be large enough that the suppression criterion [5]

W =kéAxk'B’L0 %(E,) > cAwy
is satisfied. Here Awy’, kg, and Axy refer to the poloidal
wave number, radial correlation length, and decorrelation
rate of the ambient edge turbulence. ¢ is a parameter
which accounts for the fact that the criterion kgAxg<Vy)'
= Awy’ overestimates the velocity shear needed for tur-
bulence suppression [22], i.e., c =< 1. Relating |&.(r;)|? to
absorbed power via [23]

koAxy (8)

r 1&G)|? wde,
P‘d S =— 5 T,
=74 ¥ . (9a)
e =4npow’ —kiBé , (9b)
it follows that the criterion for suppression is
Sir)y=1, (10a)
where, under the validity constraints of Eq. (5),
) 5/2
AP | 2= —1|  exp(=2kF|r—r,]). (10b)
kivg

Hence, in an edge plasma with weak electron dissipation,
the rf-driven shear layer tends to be strong but narrow,
while in an edge plasma with strong electron dissipation,
the shear layer is somewhat weaker, but broader at com-
parable P,ps. Thus, flow drive and turbulence suppression
will be easier in future hotter (than DIII-D) edge plas-
mas. Also, as confinement improves temperatures will
rise and the density gradient will steepen, thus broaden-
ing the width of the shear layer further [see Eq. (10b)].
Anomalous momentum transport processes active at the
edge of the layer can be expected to broaden it as well.
Indeed, a quantitative understanding of the temporal evo-
lution of the shear layer structure during flow drive re-
quires transport analysis, including self-consistent evolu-
tion of the angular momentum flux, as well as modeling
of the effects of electric-field shear on transport. Howev-
er, the parameter scalings of P, required for S(r) =1
may be determined from Eq. (10b).

Several questions naturally arise concerning the practi-
cality of this proposal. First, the external rf may directly
drive anomalous transport processes or, via heating, ag-
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gravate ambient turbulence, thereby defeating shear
suppression. Regarding the former, it should be noted
that thermal electrons resonate with the KSAW when
ki=w/v. <ky(ry). Since g(r) increases monotonically
with radius in tokamaks, the resonant radius for thermal
transport lies outside the Alfvén resonance radius r, in a
hot edge. Thus, while low-energy particles resonant with
the wave when k(r)=w/V,> w/Vs. may be lost,
thermal particles will be well confined. On the other
hand, the cold-edge-induced resonance transport is small
in the parameter v./w (resonant transport is exponential-
ly small). It should also be noted that the values of
P,ps—200-300 kW are almost always smaller than the
total input heating power (Ohmic and auxiliary). Hence,
the power transported to the edge region in steady state
will also exceed the flow-drive power, rendering its associ-
ated heating effects irrelevant. Finally, since o > dia-
magnetic frequency, the transport is inward and helpful
to confinement.

A second concern pertains to the effect of the large am-
bient density fluctuations on the KSAW resonance.
However, it should be noted that, if successful, flow gen-
eration will naturally tend to heal such resonance smear-
ing by suppressing the turbulence which causes it. Fur-
ther, ambient edge turbulence has much smaller decorre-
lation rates than the wave frequency, rendering it a static
scatterer of the KSAW. Moreover, the KSAW wave-
length is large and the propagation path is short so that
phase fluctuations are small. As a result, the KSAW res-
onance should be relatively sharp for high P .

It is also worthwhile to note that while rf flow drive is a
new concept, experiments with edge-resonant Alfvén
heating on the TCA tokamak have already noted a
change in the observed propagation direction of low-
frequency fluctuations [24]. This change is consistent
with the appearance of an rf-driven radial electric field
and flow. In this regard, an abrupt change in the mea-
sured plasma potential and phase velocity direction over a
few cm was observed during heating.

In conclusion, shear suppression of edge turbulence
utilizing rf-driven flows is an interesting and potentially
viable technique for enhancing the performance and un-
derstanding of tokamak confinement, and thus merits fur-
ther study. In addition to treatment of the cold-edge
standing wave [17] and compressional effects, inclusion of
realistic geometric and profile effects, and the develop-
ment of a gyrokinetic theory of momentum transport,
future work will focus on consideration of flow drive us-
ing ion-cyclotron-range-of-frequency and ion-Bernstein
waves. Indeed, in addition to being more practical and
economical, utilization of high-frequency waves for flow
drive avoids the competition between fluid and magnetic
stress intrinsic to Alfven waves.
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