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Induction of poloidal rotation by a radial ponderomotive force of electron
cyclotron waves
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The nonlinear ponderomotive~PM! force due to high-power rf waves is studied as a drive for
plasma rotation. It is shown that poloidal rotation may be driven by a radial PM force, in addition
to the usual mechanism of direct angular momentum transfer from a poloidal PM force. Here, the
effect of a radial PM force producing a radial plasma flow in the presence of viscous damping and
neutral collisions is considered. The PM force is produced around an electron cyclotron resonant
surface at a specific poloidal location, which naturally creates a poloidally asymmetric steady radial
flow, when friction is present. The flow can also arise as a result of poloidal or toroidal PM force
components, even in the absence of friction. In toroidal geometry this situation is unstable due to the
Stringer spin-up mechanism, for a high enough power of the rf waves. This process is most
important near the outer regions of the plasma, where it can then give rise to a high confinement
mode ~H mode!, once a sheared poloidal flow is established. The advantage of this method of
driving rotation is that the wave can propagate radially and when it is absorbed at the resonant
surface the radial PM force is produced, instead of launching a wave in the poloidal direction. It is
shown that this effect may be large enough for electron-cyclotron resonance heating, due to the
small width of the resonant surface. ©2001 American Institute of Physics.
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I. INTRODUCTION

The ponderomotive~PM! force associated with rf wave
is more prominent in high amplitude electromagnetic wav
such as those presently used in experimental fusion dev
Typical power requirements for rf heating and current dr
in those machines are of several megawatts, which can m
the nonlinear wave effects important. In most of the ma
netic fusion experiments with radio frequency heating it h
been possible to measure significant plasma rotation, w
is usually associated with the establishment of the high c
finement mode~H mode!. It is now clear that poloidal
plasma rotation at the edge region has a major role in
transition from theL to the H mode, where the associate
sheared radial electric field suppresses turbulent fluctuat
and establishes a transport barrier. This indicates tha
waves are in some cases responsible for plasma rotation
the edge, as they are also for rotation of electrons in rf w
current drive. The models for current drive assume a pre
ential momentum transfer in one direction, from the wave
the electrons at a selected radial location. With the sa
reasoning, it is possible to think of a scenario in which
waves can be used to produce transport barriers, in the s
way current drive is used to modify current profiles, i.e.,
controlling the spatial region where the particle flow is ge
erated. However, this spatial control is more easily acco
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plished if a nonresonant mechanism is employed for tra
ferring momentum to the plasma, such as the ponderomo
force.

There is experimental evidence that rf waves, in parti
lar lower-hybrid waves, can influence the dynamics of a
kamak plasma as a whole, by producing bulk rotation.1 It has
also been observed in stellarators with central electron cy
tron heating.2 This rotation may well be driven by nonlinea
forces giving momentum to the plasma ions in a preferen
direction. If one could develop a mechanism that has
ability to establish at will a transport barrier at any desir
location in a controlled way, from the outside of the m
chine, it would allow one to improve plasma confinement
many ways, as has occurred with the identification of int
nal transport barriers~ITB! in several experiments like th
Doublet III-D ~DIII-D !,3 Tokamak Fusion Test Reacto
~TFTR!,4 Joint European Torus~JET!,5 and Alcator C Mod.6

This could be done by injection of rf waves, and the simpl
way of injection should be chosen.

The idea of driving rotation by a PM force has alrea
been analyzed by a number of authors.7–12 They have con-
sidered the basic expression of the PM force obtained or
nally by Klima,13 or variations thereof. The way this pon
deromotive force can drive rotation varies in the differe
models proposed. In one mechanism the PM force is in
radial direction and the resulting drift velocity is mainly d
rected in the poloidal direction, which makes the ions mo
poloidally.7 This has been studied for cylindrical geometr
neglecting the important effect of viscosity, and it is difficu
8 © 2001 American Institute of Physics
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that this process occurs when magnetic pumping in a toro
device is taken into account. The other mechanism, wh
has received a great deal of attention, considers the ang
~toroidal or poloidal! component of the PM force and relie
on a radial convection of plasma which is gaining mome
tum from the PM force, to produce a sheared plas
rotation.8 According to these works only the angular comp
nents of the PM force can produce rotation.11,12

We show here that a radial PM force that is poloida
asymmetric can drive poloidal rotation, in the presence
particle collisions. It is based on the Stringer spin-up mec
nism. Recently, another mechanism for plasma rota
based on the Stringer spin-up has been proposed,14 which
relies on the inhomogeneous ion accumulation dur
electron-cyclotron resonance heating~ECRH!. Our model
also depends on the natural poloidal asymmetry that is in
ent in an off-center rf heating scheme; the wave absorp
takes place on the side where the resonant surface is.
propose the use of electron cyclotron waves since the r
nant region is very localized. The mechanism is the follo
ing: As the wave propagates radially inwards, the strong
sorption near the resonance creates a large electric
gradient, which in turn gives rise to a significant ponderom
tive force. The forceF can drive a radial flow of ions in a
diffusive-like way, as theF3B drift velocity finds a fric-
tional resistance from either electrons or neutrals. This
loidally asymmetric radial flow is unstable, resulting in
plasma spin-up.15 This effect has to compete with viscou
damping, but as we show they can be comparable due to
fact that the important parameter is the force radial grad
rather than just the force itself. The plasma spin-up is p
duced in a narrow region due to the localized wave abso
tion, and thus a strong sheared rotation would be establis
with the subsequent suppression of turbulence. With
mechanism it would be possible to produce transport barr
at selected locations in the plasma, although not very m
to the inside in order to maintain enough collisions.

This would also have practical advantages over ot
schemes which require complicated antenna phasing pr
dures, since the waves are launched radially inwards per
dicular to the magnetic field, allowing a simpler operation.
spin-up mechanism driven by external momentum sour
was previously considered in Ref. 16 but only for angu
forces, not radial. With the inclusion of collisional frictio
we extend the analysis to allow radial momentum source
produce a spin-up.

This paper is organized as follows. In Sec. II we ma
an analysis of the relevant dynamical system describing
plasma under the conditions produced by a poloidally as
metrical ponderomotive force~which at that point could be
any external force!. It is shown that, due to the Stringe
mechanism, an initial perturbation in the poloidal velocity
amplified in the presence of the radial flow driven by t
radial PM force, and establish the conditions under which
spin-up would occur. In Sec. III we take the particular ca
of a PM force from electron cyclotron waves, and show t
the X mode is the most convenient to produce rotation.
nally, in Sec. IV we make estimates of the magnitude of
Downloaded 07 Nov 2001 to 132.248.29.228. Redistribution subject to A
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PM force and give the conclusions and expectations for
proposed mechanism.

II. PLASMA DYNAMICAL ANALYSIS

Using the two-fluid description for a plasma, the io
particle conservation and momentum balance equations,
eraged over the fast time scale of a high frequency oscilla
field, are written as17

]ni

]t
1“"~niui !50, ~1!

mini S ]ui

]t
1ui "“ui D

5niqi S E1
1

c
uiÃBD2“pi2“"Pi1Ri1Fpi , ~2!

where Pi is the ion viscosity tensor,pi the total pressure
taken in the center-of-mass frame,ui the ion fluid velocity,
Fpi the ponderomotive force on the ions,Ri5Rie

2nimin in(ui2un)'Rie2nimin inui the friction force with
electrons (Rie) and cold neutrals, and all other quantitie
have their usual meaning. For the magnetic field we take
axisymmetric representation,

B5“cÃ“z1I“z, ~3!

where c is the magnetic flux function andz the toroidal
coordinate with“z5 ẑ/R.

We are interested in the slow time evolution of the flo
so that ]/]t;d2n i i , where d5r i /a, the ratio of the ion
gyroradius to the minor radius, is the small expansion para
eter. The ordering we consider isui /v thi;u“"Pi u/u“pi u
;d, the drift velocityvE;ui , and uFpiu second order ind.
Then, separating the lowest order terms from the others
writing

ui5ui
01 ṽi , ni5ni

01ñi , etc.,

the equations for the lowest order quantities are

“"~ni
0ui

0!50, ~4!

ni
0qi S E01

1

c
ui

0ÃBD2“pi
050. ~5!

Writing the solution to Eq.~5! asui
05l iB1Ãẑ, one can

find Ã by noting that “ÃE050, which implies
E052“f0, and thus18

ui
05l iB2cRS p80

qini
0 1f80D ẑ, ~6!

where the prime denotes derivative with respect toc, and the
function l i is still undetermined. The fact thatf0

5f0(c,t) and pi
05pi

0(c,t) comes from subtracting the
electron’s momentum equation from the ion’s to get the lo
est order Ohm’s law, and from the parallel component of E
~5!. We notice thatuu i

0 5l iBu , and thusl i is a measure of
the poloidal velocity. Inserting Eq.~6! into Eq. ~4! we find
that ni

0l i is a flux function, and if we assume constant te
perature this meansl i5l i(c,t).
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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Now we get momentum equations for the higher ord
velocity. Taking the componentRẑ of Eq. ~2! and averaging
over a flux surface~denoted by angular brackets!, one elimi-
nates the lowest order terms leaving

mi K niRẑ"S ]ui

]t
1ui "“ui D L

5qi K niRẑ"S Ẽ1
1

c
ṽiÃBD L

1^Rẑ"Rie&2mi^nin inRẑ"ui&1^Rẑ"Fpi&, ~7!

where use has been made of^Rẑ"“ p̃i&5^Rẑ"“"Pi&50 due
to axisymmetry and since we consider only the parallel v
cosity. Similarly, an equation for the parallel velocity is o
tained by subtracting Eq.~5! from Eq. ~2! and applying the
operator̂ B•&,

mi K niB"S ]ui

]t
1~ui "“ !ui D L

52^B"“"Pi&1qi^niB"Ẽ&1^B"Rie&

2mi^nin inB"ui&1^B"Fpi&, ~8!

since^B"“ p̃i&50.
Now, according to our ordering, the time derivative

ui
0 is second order ind, and then the other terms have to

evaluated to this order. The convective terms can then
computed to lowest nonvanishing order, recalling thatni

0

5ni
0(c,t), “(Rẑ)5(“R) ẑ2 ẑ“R, using Eq.~1! and com-

bining Faraday’s law with the curl of Eq.~5!. The magnetic
term can be cast as2^ni

0ṽi "“c&, while for the electric field
we have an inductive and an electrostatic compon
Ẽ52“f̃1EI . Equations~7! and ~8! thus become

mi K Rẑ"
]niui

]t L 1mi

d

dc
^niRẑ"uiui "“c&

5qi K niRẑ"EI2
ni

c
ṽi "“c L 1^Rẑ"Rie&

2mi^nin inRẑ"ui&1^Rẑ"Fpi&, ~9!

mi K ni

]B"ui

]t L 1mini

d

dc
^ui "Bui "“c&

52^B"“"Pi&1qi^niB"EI&1^B"Rie&

2mi^nin inB"ui&1^B"Fpi&. ~10!

It is more convenient to write momentum equations
one fluid in order to eliminate the inductive field. In order
do this, we use the equivalent to Eqs.~9! and ~10! for elec-
trons, obtained by neglecting electron inertia and viscosi

qeK neRẑ"EI2
R

qe
ẑ"Rie2

ṅe

c
ṽe"“c L 2me^nenenRẑ"ue&

1^Rẑ"Fpe&50, ~11!

qe^neB"EI&2^B"Rie&2me^nenenB"ue&1^B"Fpe&50. ~12!
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Then, we can find the toroidal and parallel momentum eq
tions for the fluid plasma by adding Eqs.~9! and ~10! and
Eqs. ~11! and ~12! and defining j5neqeṽe1niqi ṽi , Fp

5Fpe1Fpi . The resulting term̂j "“c& which would be zero
in a stationary situation due to ambipolarity, can be co
puted from the flux-surface average of Ampere’s law to
2(]/]t)^E0"“c&/4p; however, we anticipate that it wil
turn out to be of ordervA

2 /c2 ~with vA the Alfvén speed in
the poloidal field!. The resulting equations for the lowe
order terms are

mi K Rẑ"
]niui

0

]t L 1mi

d

dc
^niRẑ"ui

0ṽi "“c&

5
1

4pc

]

]t
^E0"“c&2 (

j 5e,i
mj^njn jnRẑ"uj&1^Rẑ"Fp&,

~13!

mi K ni

]B"ui
0

]t L 1mini

d

dc
^ui

0"Bṽi "“c&

52^B"“"Pi&2 (
j 5e,i

mj^njn jnB"uj&1^B"Fp&, ~14!

where we usedui "“c5 ṽi "“c sinceui
0"“c50; ṽi "“c has

to be computed to orderd2.
Now, since we are interested in the time evolution of t

poloidal velocity, we want to express toroidal and paral
velocities in terms ofl i . Using Eq.~3! it is straightforward
to find

B"ui
05

I

^R2&
^Rẑ"ui

0&1^B2&~Q21DB!l i , ~15!

Rẑ"ui
05~11DR!^Rẑ"ui

0&2IDRl i , ~16!

where

Q2512
I 2

^R2&^B2&
, DB5

B2

^B2&
21, DR5

R2

^R2&
21.

Similarly, the averaged radial electric field can be written
terms ofl i and the averaged toroidal velocity^Rui

0"ẑ&, us-
ing Eq. ~16!, as

^E0"“c&5
1

c K u¹cu2

R2 ~11DR!L ^Rui
0"ẑ&2

I

c

^u¹cu2&
^R2&

l i ,

~17!

where a term depending on the ion pressure in the toro
ion velocity was neglected sinceRui

0"ẑ'Ru0"ẑ'l i I
2cR2f80, as obtained from the lowest order Ohm’s law
E01u0/cÃB50. In this way, the evolution equations~13!
and ~14! can be written for the poloidal and toroidal veloc
ties,l i and ^Rui

0"ẑ&.
In order to do this we need to express the parallel v

cosity term as a linear function of velocity, as19

^B"“"Pi&5muu i
0 1k. ~18!

The coefficientsm andk should be calculated from the fu
expression of the viscosity tensor,16 but we will treat them as
known parameters. In addition, the electron inertia in
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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neutral collisions is neglected, and time derivatives ofni
0 are

replaced, using the continuity equation, by2(d/dc)
3^ni

0ṽi "“c&.
The two relevant equations~13! and ~14! can finally be

written, with the help of Eqs.~15!–~18! as

C1

]

]t
^Rẑ"ui

0&1C2

]l i~c!

]t

5
]

]c
C3^Rẑ"ui

0&1
]

]c
C4l i~c!1C5^Rẑ"ui

0&

1C6l i~c!1C7 , ~19!

D1

]

]t
^Rẑ"ui

0&1D2

]l i~c!

]t

5ni
0 ]

]c
D3^Rẑ"ui

0&1ni
0 ]

]c
D4l i~c!1D5^Rẑ"ui

0&

1D6l i~c!1D7 , ~20!

with

C15mini
0S 12

1

4pmini
0c2 K u¹cu2~11DR!

R2 L D ,

C25
I

4pc2

^u¹cu2&

^R2&
,

C352mini
0 ^R2ṽi "“c&

^R2&
, C45mini

0I ^ṽi "“cDR&,

C55mi

]

]c
~ni

0^ ṽi "“c&!2 (
j 5e,i

mjnj
0^n jn~11DR!&,

C65I (
j 5e,i

mjnj
0^n jnDR&, C75^Rẑ"Fp&,

D15mini
0 I

^R2&
, D25mini

0Q2^B2&,

D352mi^ṽi "“c&
I

^R2&
,

D452mi^B
2&~Q2^ ṽi "“c&1^DBṽi“c&!,

D552
I

^R2& (
j 5e,i

mjnj
0^n jn&,

D652mBu2 (
j 5e,i

mjnj
0^n jn~Q21DB!&^B2&,
Downloaded 07 Nov 2001 to 132.248.29.228. Redistribution subject to A
D752k1^B"Fp&.

The coupled equations~19! and~20! have to be simulta-
neously solved. Notice that the coefficientC2 is of order
vA

2 /c2 smaller and thatC3 , C4 , and D3 , D4 contain the
radial flux, which we are interested in here, since the rad
PM force can produce this flux, as we will see later. T
solution of these equations may be formally written in ter
of the inverse Laplace transform for a vector variab
U(c,t)5(^Rẑ"ui

0&,l i) using a matrix representation~when
the coefficients are time independent! as

U~c,t !5
1

2p i Ea2 i`

a1 i`

dsexpS st1E
0

c

A2
21"~A32sA1!dc8D

3FU11E
0

c

expS 2E
0

c8
A2

21"~A32sA1!dc9D
"A2

21"S A4

s
1A1"U0Ddc8G , ~21!

where

A15S C1 C2

D1 D2
D , A252S C3 C4

ni
0D3 ni

0D4
D ,

A35S C51C38 C61C48

D51ni
0D38 D61ni

0D48
D , A45S C7

D7
D ,

U0(c) is the initial velocity vector,U1 is a constant related
to the velocities at the center (c50). In order to be able to
interpret Eq.~21! and gain some insight for the condition
for the spin-up, we consider the case in which all coefficie
in the matricesA j are not dependent onc. Then, the integrals
over c can be performed and the complex integral is eva
ated by adding the residues at the poles. The result is

U~c,t !5~x1es1t2x2es2t!
A1"U0

s12s2

1S x1es1t

s1
2

x2es2t

s2
D A4

s12s2
1

x0A4

s1s2
, ~22!

wherex6 , x0 are the residue matrices of@A1s2A3#21 at
the poless5s6 ,0, which are the roots of its determinan
D135D1(s2s1)(s2s2), D1 being the determinant ofA1 .
These are
s65s16@s1
21s2#1/2, ~23!

s1[
C1~D61ni

0D48!1D2~C51C38!2C2~D51ni
0D38!2D1~C61C48!

2D1
,

s2[
~C61C48!~D51ni

0D38!2~C51C38!~D61ni
0D48!

D1
.

IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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In that form, Eq.~22! shows that the velocities can resu
either from a steady process, given by the last term, or fr
an exponential growth/damping at the ratess6

21 . For insta-
bility, the real part of either of the rootss6 has to be posi-
tive. From the point of view of the ponderomotive forc
which is our present interest, the first case is the one that
been considered in previous works,8–12 represented by the
direct momentum transfer of toroidal and poloidal PM forc
contained inA4 . The spin-up, given by the exponential
may arise from a radial flow produced by the PM force, if
is large enough to overcome the damping due to collisi
and viscosity. Equation~23! shows that these dissipativ
terms contribute negatively tos6 , sinceD1 is positive defi-
nite, while the terms involving the radial flow may give pos
tive contributions. In particular, whenD48.0, a positive
feedback to poloidal rotation would be expected, as we
see also from Eq.~20!, which is the poloidal angular momen
tum balance equation. It is interesting to see the requirem
imposed to the flow by this term, for a circular cross-secti
large aspect-ratio tokamak. By looking at the definition
the coefficientD48 , which depends on the poloidal asymm
try of the flow throughDB , we notice that

d

dc
^ ṽi "“cDB&,0. ~24!

Assuming the flow is a delta function in the poloidal ang
vc5v0d(u2u0), and DB'22e cosu ~with e the inverse
aspect ratio! then Eq.~24! implies that thec derivative of
2v0e cosu0 has to be positive, which means that the flow h
to be in the direction of the major radius,R̂ ~whereR̂ is a
unit vector in the direction of the major radius!, as depicted
in Fig. 1, if thec gradient is positive.

Now we consider the possible ways of producing t
radial flow. We analyze two different cases in which the P
force can give rise to this flow:~a! for a PM force with a
component on the magnetic surface and~b! for a radial PM
force.

~a! In this case the spin-up would be due to a poloidal
toroidal PM force. We recall thatṽi "“c has to computed to
second order. By taking the component“c"B3 of Eq. ~2!,
we can find for the radial velocity

ṽi
(2)"“c5

c

niqi
“c"

FpiÃB

B2 1H, ~25!

whereH represents all the terms not involving the PM forc
From here we note thatuFpiu can be of second order to con
tribute in this order toṽi "“c, so a relatively weak force
would be of importance.

~b! In this second case, a radial force produces the s
up, but the presence of a collisional force is required, as
diffusive flux. To obtain the radial flow it is more convenie
to use one-fluid equations by subtracting from Eq.~2! its
equivalent for electrons, to get the generalized Ohm’s l
and adding them to get the total momentum balance. Tak
again the component“c"B3 of Ohm’s law,

ṽ(2)"“c5ch“c"
BÃj (1)

B2 1G(2), ~26!
Downloaded 07 Nov 2001 to 132.248.29.228. Redistribution subject to A
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where h5(nei1nen)me /nee
2 is an effective resistivity in-

cluding collisions with neutrals, which is of first order, an

G(2)5
c

B2 E(2)ÃB"“c1
“c

ne
"j (2)1

c

neB2“c"“p(2)ÃB

involves only second-order variables. The first-order curr
is obtained from the total momentum balance equation;
cusing only on the contribution from the PM force, we ha

j'
(1)5

c

B2 @Fp
(1)ÃB2“p(1)ÃB#,

which upon substitution in Eq.~26! gives

ṽ(2)"“c5
c2h

B2 “c"Fp
(1)1H2 , ~27!

andH2 involves all other terms unrelated toFp , not of im-
portance for the present discussion. Unlike Eq.~25!, the PM
force has to be of first order to produce the desired flow,
a stronger radial force is required to spin-up the plasma
Sec. III we will calculate the radial PM force for electron
cyclotron waves, which are the ones that could give a la
enough magnitude for it.

FIG. 1. Spin-up mechanism driven by the poloidal asymmetry of the w
absorption. The radial ponderomotive force creates a poloidal currenj'
;FpÃB which produces a radial flowṽ; j'ÃB in the inboard side. To
maintain mass continuity a field-aligned return flow is driven. The field l
curvature, acting as a gravity alongR, makes an initial poloidal rotation to
grow, since local density is perturbed~after Ref. 15!.
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III. DRIVING RF WAVE PROPERTIES

The ponderomotive force has different representati
depending on the way it is derived, including a possible ti
dependence. Ignoring this possibility, the PM force of
electromagnetic field oscillating at frequencyv can be writ-
ten, for the speciesa, as13

Fpa5
1

2
ReH i

v
“Ev* "jav2“"F javS i

v
Ev* 1

4p jav*

vpa
2 D G J ,

~28!

where ja is the current of speciesa induced by the wave
electric field E, and vpa

2 54pnqj
2/mj . The total currentj

5 j i1 je is related withE through the conductivity tenso
s ik , which depends on the special kind of waves being c
sidered,

j j5s jkEk . ~29!

In order for the PM force to have an important effect
momentum transfer it is necessary to have a region of la
gradient forE. This happens at a resonant surface, where
electric field magnitude decreases to almost zero within
absorption region. The smaller the absorption region
larger the gradient. So, it seems the most convenient op
is to use electron-cyclotron~EC! waves, since the small gy
roradius of electrons produces a thin resonant surface. In
section we will focus on the analysis of EC waves as
cause of the required PM force. Lower hybrid waves are a
a possible candidate but their effect would probably be l
important.

With the purpose of estimating the PM force we use
cold plasma dielectric tensor for high frequencies, which
related to the conductivity tensor bye jk5d jk14p is jk /v.
For this calculation we use slab geometry with a local co
dinate system~e1 , e2 , ee!, with the e3 axis along the mag-
netic field, ande1 along the direction of“c. Since we con-
sider waves propagating perpendicularly to the magn
field, we can have the ordinary~O mode! and the extraordi-
nary~X mode! modes. For the latter only thes jk components
transverse to the magnetic field are needed, which are

s115s225
iv

4p

v
12u

, s1252s2152
v

4p

Auv
12u

, ~30!

wherev5vpe
2 /v2, u5vB

2/v2, andvB5eB/mec is the elec-
tron cyclotron frequency. The PM force produced by theX
mode is obtained from Eqs.~28! to ~30!. What we need is the
radial component of this force, which in our local coord
nates is identified withe1 . The result is

Fp15
1

8p

v Im k1

~12u!2 ~~11u!uEu214Au Im~E1E2* !!

1
1

8p S uEu2]1

uv
~12u!2 1Im~E1E2* !]1

Auv~11u!

~12u!2 D ,

~31!

where]1 indicates derivative with respect to the radial coo
dinate.
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Since theO mode behaves as if there was no magne
field, the PM force produced by it may be obtained from E
~31! by just makingu50. Thus, it simplifies to

Fp15
v

8p
Im k1uEu2. ~32!

In both cases, the PM force is determined by the absorp
coefficient of the wave, represented by Imk1. This can be
obtained from the dispersion equation of the specific mo
and it depends on the particular harmonic one choose
use.20 It turns out that the direction of the PM force need
for the establishment of the Stringer mechanism does
depend on the harmonic used but on the wave injection s

Physically, the driving force has to point in the positiv
direction of the major radius, as mentioned in Sec. II,
order to produce a return flow from the outboard side of
torus to the inboard side. This can be seen in Fig. 1, dra
after Hassam and Drake.15 If the wave is injected from the
low field side~LFS! then the PM force is in the direction o
the minor radius (Fpc.0), but if it is injected from the high
field side~HFS!, then it has to be in a direction toward th
plasma column center (Fpc,0). In this situation, the unbal
anced radial flow created byFpc has to be drained by a
field-aligned return flow, to maintain continuity, which goe
from the LFS to the HFS. If this flow is in the opposit
direction, then there is no instability. The instability may
visualized when the effect of the field-line curvature is co
sidered as an effective gravity along the major radius.
soon as a small poloidal plasma rotation arises, the regio
mass depletion is displaced poloidally, creating a region
lower density, which tends to move up the gravity. This a
plifies the initial rotation, producing a rotational instabilit
Mathematically, the requirement is that, in order to have
positive contribution ins6 , it is necessary thatFpc;R̂.

The direction of the PM force is given mainly by th
sign of Imk1, according to Eq.~32! and the first term of Eq.
~31!. For absorption, Imk"r.0, so when the injection is
from the LFS Imk; r̂;2R̂, which is unfavorable for
Stringer spin-up. On the other hand, for HFS injection Imk
; r̂;R̂, allowing the Stringer mechanism. Thus, regardle
of the EC mode used, the wave injection has to be from
HFS, which may be achieved with appropriate wave guid
Both,O andX modes can be used, and one could choose
one with the highest absorption. For normal propagation
the fundamental harmonic theO mode is the most strongly
absorbed, with an absorption coefficient given by20

Im k1

k
5

2Apq

15
z1

5/2e2z1, ~33!

while at the second harmonic theX mode has a quite high
absorption, according to20

Im k1

k
5

2Apq

15
~11J!2z2

5/2e2z2. ~34!

In these equationszs5mc2(svB2v)/svBTe ,J5q/(3
2q), q5vpe

2 /vB
2 , and zs.0 is needed for a nonzero ab

sorption, which again means injection from the HFS.
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The ponderomotive force could now be estimated fr
Eq. ~31! or Eq.~32! and the result can be used in Eq.~27! to
compute the contribution of the radial flow to the rootss6

given in Eq.~23! As mentioned before, at least one of the
has to be positive including the dissipative terms in orde
produce the spin-up. As we can see from Eq.~31! the X
mode produces a PM force with a resonant denomina
which is not present in theO mode, and therefore it is th
most convenient to get a large force. However, since thX
mode presents a strong absorption at the second harm
the resonant effect is not so prominent. Thus, it would
advisable to use the most appropriate wave to produce r
tion which is theX mode at the second harmonic and it h
to be tuned in a way that finds the resonant surface clos
the edge in order to have the required friction.

IV. DISCUSSION AND CONCLUSIONS

The results of the previous two sections can be now
together to estimate the required magnitude of the PM fo
and the wave power. We notice that the dominant term in
~23!, determining the sign of the exponential, isD6

1ni
0D48 ; for the spin-up to take place this has to be positi

For a circular cross-section tokamak and keeping the low
order terms in the inverse aspect-ratioe, this can be evalu-
ated to get the condition

22minin ine2B0
22mBu12mic

2
d

dr
~niheFpr!>0.

The value ofm can be obtained from the parallel viscosi
tensor to be21 mBu5h0^(¹ iB)2&'h0Bu

2/2R0
2 , where h0

50.96niTi /n i i . This term is usually dominant over the ne
tral collisions. Note that the fastest varying quantity in t
radial derivative is the PM force, so neglecting the variat
of the others we find

dFpr

dr
>

Bu
2

minic
2he S h0

4R0
2 1miniq

2n inD . ~35!

For the edge region of a tokamak of the type of the Sw
tokamak, TCV,22 having enough dissipation~i.e., h
;10215s given by both ion–electron and ion–neutral co
sions!, the condition for the radial force isdFpr /dr
*106 dyn/cm4, or if we assume that the PM force appea
within a region of the order of the electron gyroradius,re

;1022 cm thenFpr*104 dyn/cm3. The corresponding ab
sorbed wave electric field can be estimated from Eqs.~31!
and~34! for theX mode asE;10 kV/cm, or equivalently, an
absorbed power densityP;5k W/cm2. Although this means
a quite intense wave is necessary, it should be possible to
this power with an array of several gyrotrons like those u
in TCV.22

There are several experiments where this rotat
mechanism could be applied, that already possess facil
for ECRH, in addition to TCV. In the Dutch Rijnhuizen To
kamak Project, RTP,23 the effect of ECRH in creating ITB
has been proven, using modest amounts of rf power. Incr
ing the gyrotron power over 1 MW and doing off-axis hea
ing, but with radial injection, would allow one to test th
spin-up effect of the radial PM force. This could also
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detected by the establishment of ITB by measuring
changes in the temperature profiles. In DIII-D, interesti
work is being performed to produce reverse magnetic sh
near the center using ECH and study electron trans
barriers,24 with moderate~0.5 MW! rf powers. It should be
possible to increase the power to produce plasma rota
with radial injection of EC waves. Other tokamaks that a
doing important work with ECRH in relation to the esta
lishment of transport barriers are the Frascati To
Upgrade25 ~FTU! and the axisymmetric diverto
experiment26 ~ASDEX Upgrade!. The close-to-the-axis heat
ing used in these experiments to take advantage of the n
tive central shear could be easily modified to produce plas
spin-up at specific radial locations based on the techni
proposed here, provided powers in excess of 1 MW
available.

To conclude, we have shown that it is possible to imp
ment a convenient way of rotating a plasma near the e
region, where significant friction~resistivity or neutral colli-
sions! is present, using rf waves. This is based on
Stringer spin-up mechanism, initiated by the radial parti
flow produced by a radial PM force, which affects only
localized region in poloidal angles. An important fact th
makes this nonlinear mechanism a plausible one is tha
depends on the radial gradient of the PM force, and this
be significantly large for narrow absorption layers.

EC waves are especially appropriate for producing
necessary PM force drive, due to their small absorption
gion. Injection has to be from the HFS of the torus in ord
to have the required direction of the radial flow, using eith
O mode at the fundamental resonance or theX mode at the
second harmonic, although the latter is more favorab
However, other wave frequencies could be used, provi
the resulting PM force gradient is large enough. In th
scheme there is no need for antenna phasing in order to
rect the wave launching. Perpendicular propagation wo
give the desired effect. It is important to note that, ev
though we are proposing the use of resonant wave absorp
to produce a large wave-amplitude gradient, the mechan
for momentum transfer itself is nonresonant. As mention
in Sec. I, other nonresonant, spin-up mechanisms for rota
the plasma have been proposed,14,16 which could be comple-
mentary to the one presented here, depending on the wa
wave is injected.

Finally, it would be highly desirable to test this metho
in experimental settings in order to confirm the theoreti
predictions. This would also provide a means to confirm
Stringer spin-up mechanism, which, although it has been
voked in several theoretical works, it does not count with
direct experimental evidence of its operability. If this rot
tion scheme can be adequately implemented, it promise
be a very simple one, and future experiments could ben
from a convenient way to create regimes of high confin
ment.
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