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The nonlinear ponderomotivdPM) 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. 001 American Institute of Physics.

[DOI: 10.1063/1.1368380

I. INTRODUCTION plished if a nonresonant mechanism is employed for trans-
ferring momentum to the plasma, such as the ponderomotive
The ponderomotivéPM) force associated with rf waves force.
is more prominent in high amplitude electromagnetic waves, There is experimental evidence that rf waves, in particu-
such as those presently used in experimental fusion devicelar lower-hybrid waves, can influence the dynamics of a to-
Typical power requirements for rf heating and current drivekamak plasma as a whole, by producing bulk rotatitrhas
in those machines are of several megawatts, which can malkaso been observed in stellarators with central electron cyclo-
the nonlinear wave effects important. In most of the mag-ron heatingf This rotation may well be driven by nonlinear
netic fusion experiments with radio frequency heating it hagorces giving momentum to the plasma ions in a preferential
been possible to measure significant plasma rotation, whicglirection. If one could develop a mechanism that has the
is usually associated with the establishment of the high con@bility to establish at will a transport barrier at any desired
finement mode(H mods. It is now clear that poloidal location in a controlled way, from the outside of the ma-
plasma rotation at the edge region has a major role in thehine, it would allow one to improve plasma confinement in
transition from thel to the H mode, where the associated Many ways, as has occurred with the identification of inter-
sheared radial electric field suppresses turbulent fluctuatiod&! transport barnerSITgB) in several experiments like the
and establishes a transport barrier. This indicates that fpoublet 1ll-D- (DIII-D)” Tokamak Fusion Test Reactor

4 . 5
waves are in some cases responsible for plasma rotation negtFTR)' Joint European TorugJET),” and Alcator C Mod:

the edge, as they are also for rotation of electrons in rf Wavé!_hIS Coqu bg done by injection of rf waves, and the simplest
way of injection should be chosen.

current drive. The models for current drive assume a prefer- X . .
P The idea of driving rotation by a PM force has already

ential momentum transfer in one direction, from the wave tobeen analyzed by a number of authbr They have con-

the electrons at a selected radial location. With the same. : . ) -
: o . . . . Sidered the basic expression of the PM force obtained origi-
reasoning, it is possible to think of a scenario in which rf

. . nally by Klima?!? or variations thereof. The way this pon-
waves can be _use_d to produce tr:_insport barrlerg, n Fhe SaM&romotive force can drive rotation varies in the different
way current drive is used to modify current profiles, i.e., bymodels proposed. In one mechanism the PM force is in the
controlling the spatial region where the particle flow is gen-r5 i) direction and the resulting drift velocity is mainly di-
erated. However, this spatial control is more easily acCOMzacted in the poloidal direction, which makes the ions move
poloidally.” This has been studied for cylindrical geometry,
dElectronic mail: martinel@nuclecu.unam.mx neglecting the important effect of viscosity, and it is difficult
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that this process occurs when magnetic pumping in a toroidd®M force and give the conclusions and expectations for the

device is taken into account. The other mechanism, whiclproposed mechanism.

has received a great deal of attention, considers the angular

(toroidal or poloida]_component of theT PM for(_:e_ and relies Il. PLASMA DYNAMICAL ANALYSIS

on a radial convection of plasma which is gaining momen-

tum from the PM force, to produce a sheared plasma Using the two-fluid description for a plasma, the ion

rotation® According to these works only the angular compo-particle conservation and momentum balance equations, av-

nents of the PM force can produce rotatidrt? eraged over the fast time scale of a high frequency oscillating
We show here that a radial PM force that is poloidally field, are written a¥

asymmetric can drive poloidal rotation, in the presence of07ni

particle collisions. It is based on the Stringer spin-up mecha=—+ V+(n;u;)=0, (1D

nism. Recently, another mechanism for plasma rotation

based on the Stringer spin-up has been prop&sedich

relies on the inhomogeneous ion accumulation durind™Mi

electron-cyclotron resonance heatif§CRH. Our model

alsol depends on the naturql poloidal asymmetry that is inh_er- :niqi( Et Eup(B) —Vp—V-IL+R+Fy., o)

ent in an off-center rf heating scheme; the wave absorption c

takes place on the side where the resonant s_urface is. Wehere IT, is the ion viscosity tensom; the total pressure
propose the use of electron cyclotron waves since the resQz,an, in the center-of-mass frame, the ion fluid velocity,
nant region is very localized. The mechanism is the follow- o ponderomotive force on the ionsR,=R;

(| e

- . . pi
ing: As the wave propagates radially inwards, the strong ab-’ niM; vin (U — Uy) = Rie— My winU; the friction force with

. . . I
sorption near the resonance creates a large electric fieldactrons R..) and cold neutrals, and all other quantities

gradient, which in turn gives rise to a significant ponderomo+,,e their usual meaning. For the magnetic field we take the
tive force. The force= can drive a radial flow of ions in a axisymmetric representation

diffusive-like way, as theFXB drift velocity finds a fric-

tional resistance from either electrons or neutrals. This po- B=VyXV{+IV{, ©)
loidally asymmetric radial flow is unstable, resulting in awhere ¢ is the magnetic flux function and the toroidal
plasma spin-up® This effect has to compete with viscous coordinate withV ¢= Z/R.

damping, but as we show they can be comparable due to the e are interested in the slow time evolution of the flow,
fact that the important parameter is the force radial gradien§y that alat~8%v,; , where 8=p;/a, the ratio of the ion

rather than just the force itself. The plasma spin-up is progyroradius to the minor radius, is the small expansion param-
duced in a narrow region due to the localized wave absorpeter. The ordering we consider is /vy~ |V -IL|/|Vpi|
tion, and thus a strong sheared rotation would be established, s, the drift velocityvg~u; and|F,;| second order ir.
with the subsequent suppression of turbulence. With thishen, separating the lowest order terms from the others by
mechanism it would be possible to produce transport barriergriting
at selected locations in the plasma, although not very much
to the inside in order to maintain enough collisions.

This would also have practical advantages over othethe equations for the lowest order quantities are
schemes which require complicated antenna phasing proce-

Jdu;
E +u;-Vuy

u=u’+%, n=n’+%;, etc.,

dures, since the waves are launched radially inwards perpen- V-(nlu)=0, )
dicular to the magnetic field, allowing a simpler operation. A 1

spin-up mechanism driven by external momentum sources N d;| E%+ EU?XB> ~Vp)=0. )
was previously considered in Ref. 16 but only for angular

forces, not radial. With the inclusion of collisional friction Writing the solution to Eq(5) asui°=>\iB+mZ, one can
we extend the analysis to allow radial momentum sources téind w by noting that VXE°=0, which implies
produce a spin-up. E%=-V¢°, and thus®

This paper is organized as follows. In Sec. Il we make 0
an analysis of the relevant dynamical system describing the u?:)\iB—cR<p—0+ ¢'°
plasma under the conditions produced by a poloidally asym- in
metrical ponderomotive forc@vhich at that point could be where the prime denotes derivative with respeag;tand the
any external forcg It is shown that, due to the Stringer function \; is still undetermined. The fact thaip®
mechanism, an initial perturbation in the poloidal velocity is = ¢°(y,t) and p’=p?(y,t) comes from subtracting the
amplified in the presence of the radial flow driven by theelectron’s momentum equation from the ion’s to get the low-
radial PM force, and establish the conditions under which theest order Ohm'’s law, and from the parallel component of Eq.
spin-up would occur. In Sec. lll we take the particular case(5). We notice thau,=\;B,, and thus\; is a measure of
of a PM force from electron cyclotron waves, and show thathe poloidal velocity. Inserting Ed6) into Eq. (4) we find
the X mode is the most convenient to produce rotation. Fi-thatnio)\i is a flux function, and if we assume constant tem-
nally, in Sec. IV we make estimates of the magnitude of theperature this means; = \;(,t).

g (6)
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Now we get momentum equations for the higher orderThen, we can find the toroidal and parallel momentum equa-

velocity. Taking the componeiR{ of Eq. (2) and averaging  tions for the fluid plasma by adding E¢®) and (10) and
over a flux surfacédenoted by angular brackgtene elimi-  Egs. (11) and (12) and definingj=neqcVe+niqiVi, F,

nates the lowest order terms leaving =Fpet Fpi. The resulting terngj-V ) which would be zero
in a stationary situation due to ambipolarity, can be com-
m < n Rg Ui +u Vi )> puted from the flux-surface average of Ampere’s law to be
! e — (91 9t){E%-V ¢)/4m; however, we anticipate that it will

1 turn out to be of order;f\/c2 (with v 5 the Alfven speed in
:qi<niRZ'(E+ —T/iXB>> the poloidal field. The resulting equations for the lowest
c order terms are

+(RZRie) — mi(n;vinRZ-U)) +(RE-Fpi), 7

. on; u0 d
m,{ RZ- +m,d¢(n {RZ-U,-V )
where use has been made(&¢-Vp;)=(R{-V-II;)=0 due

to axisymmetry and since we consider only the parallel vis- 1 0 - -
cosity. Similarly, an equation for the parallel velocity is ob- = 7. &t<E Vi) - Ee m;(njvjnRE-Uj) +(RE-Fp),
tained by subtracting Ed5) from Eq. (2) and applying the !
operator(B-), (13)
ol mi{ nj—— Beul +min; <u-°-B’\7--V )

m;{ n;B- E+(ui-V)ui AL BT Idl// i i

= —(B-V-II;)+q;(n;B-E) + (B-Ric) :_<B'V'H‘>_j;ei my(N;v;nBeU;) +(B-Fp), (14)

—mi(n;vjnB-u;) +(B-Fp), 8

where we used;-V ¢=V;-V ¢ sinceu’-V ¢=0; V;-V ¢ has
since(B-VP;)=0. to be computed to ordef?.

Now, according to our ordering, the time derivative of  Now, since we are interested in the time evolution of the
uf is second order i, and then the other terms have to be poloidal velocity, we want to express toroidal and parallel
evaluated to this order. The convective terms can then bgelocities in terms o ;. Using Eq.(3) it is straightforward
computed to lowest nonvanlshmg order, recalling th&t to find

=n, Oy.t), V(R =(VR){—{VR, using Eq.(1) and com-

bining Faraday’s law W(Eh the curl pf Eg5). The mggn_etic B‘Ui (R2 <R{ u°>+(BZ>(®2+AB))\, , (15)
term can be cast as(n;V;-V ), while for the electric field )
we hav~e an mduct.lve and an electrostatic component RE-U0=(1+Ag)(REUY) — 1 AR\, (16)
E=—-V¢+E,. Equations7) and(8) thus become
where
<RZ i u'> +m, (n-RZ-u-u--V:/;} 12 B? R?
at Tdy o [ P — - - _
_q|< nRZ-E — —V| v¢> +(R§ Rie) Similarly, the averaged radial electric field can be written in
terms of\; and the averaged toroidal veloci@{u?-Z), us-
—mi(mvinRE-U) +(RE-Fyp), (9  ng Eq.(16), as
Vyl? I (Vv ¢|2>
dB-u; 0 = —
mi<ni o '>+ 'n'd¢<u' Bu;-V ) (E-Vy)= c< RZ (1+4p) | (RUP-0) c (R%)
(17)
=—(B-V-II;) +qi(n;B-E}) + (B*Rj¢) where a term depending on the ion pressure in the toroidal
— (0 v BeU) + (B-Fpy). (10  fon velocity was neglected sinceRuy-{~Ru%-{~\;l

—cR?¢'%, as obtained from the lowest order Ohm’s law:
It is more convenient to write momentum equations forg®+ 4% cXB=0. In this way, the evolution equatior{43)

one fluid in order to eliminate the inductive field. In order to and(14) can be written for the poloidal and toroidal veloci-
do this, we use the equivalent to E¢8) and (10) for elec-  jeg \ and(RuQ-Z>
, 0.

trons, obtained by neglecting electron inertia and viscosity, In order to do this we need to express the parallel vis-
i R. n, i cosity term as a linear function of velocity,'3s
de| NeR{E, _ag'Rie_ ?Ve'v ¢> —Mg(NeVenRE-Ug) (B-V-II)= Mugi +K. (18
+<RZ°Fpe>:Oa (11)  The coefficientsu andk should be calculated from the full

expression of the viscosity tensrbut we will treat them as
de{NeB-Ej) = (B-Rje) = Me(NeveBrUe) +(B-Fpe)=0.  (12)  known parameters. In addition, the electron inertia in the

Downloaded 07 Nov 2001 to 132.248.29.228. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/pop/popcr.jsp



Phys. Plasmas, Vol. 8, No. 6, June 2001

neutral collisions is neglected, and time derivativesbare
replaced, using the continuity equation, by (d/d)
XNV ).

The two relevant equationd.3) and(14) can finally be
written, with the help of Eqs(15)—(18) as

i(¥)
Clat<R§U|>+C2 at'//
C3<R§ u°>+ PR () +Cs(RZ-uf)
+Cs\i()+Co, (19
Jd . INi()
D, (R-u7)+D; &tw
:nioaz,// «(R¢: UO>+n| a0 D\i() +Dg(RZ-U?)
+Dghi()+D7, (20
with
o 1 [|VyA(1+Ag)
Cr=min; ( 1= 47-rm-ni°cz< R2 ’
L (IVyl®)
2" 4w (R?)
2.
Cs=—min?w, Ca=mn{I(V;-V Ag),
(R
Cs= .a¢<n°<v Yy = 2 mnf(vip(1+8g),
C6:|j=26i mjnjO<anAR>, C7:<RZ.Fp>1
|
Dl:miniomv D,=mn’®*B?),

D3= —mi<\~/i'V¢><F\|,_2>,

D= —m(B?)(OXV;-V y) +(AgV;V ),
|
Ds=— @j;,i mjn?<yjn>y

De=—uB,— ,—E. mn%(vjn(©2+ Ag))(B2),

s.=s,*[s7+5s,]*?

Induction of poloidal rotation . . . 2811

The coupled equationd9) and(20) have to be simulta-
neously solved. Notice that the coefficie@t is of order
v,i/c2 smaller and thatC5;, C,, and D3, D, contain the
radial flux, which we are interested in here, since the radial
PM force can produce this flux, as we will see later. The
solution of these equations may be formally written in terms
of the inverse Laplace transform for a vector variable
U(4,t)=((RZ-u’),\;) using a matrix representatigwhen
the coefficients are time independeas

1 a+ice 4
U(lﬂ,t):ﬁf . dsexr{st+ jo A21-(A3—sAl)d¢’)
v v -1 "
X U1+ 0 ex - 0 AZ ‘(Ag_SAl)dlp
(A ,
Ayt ?+A1-Uo dy' |, (21)
where
e c, G, e C; GC,
b, D) "% \n’Dy nPD,)’
Cs+Cjg Ce¢+C, C,
Az= Op / o/ | A4:( )
Ds+n’D; Dg+nlDy D7

Uo(#) is the initial velocity vectorU, is a constant related
to the velocities at the centers&0). In order to be able to
interpret Eq.(21) and gain some insight for the conditions
for the spin-up, we consider the case in which all coefficients
in the matrice; are not dependent an Then, the integrals
over ¢y can be performed and the complex integral is evalu-
ated by adding the residues at the poles. The result is

AU
U(g,t)=(x.e%"'—y_e> t) s
eStt y_eSt A A
X+ X ) 4 " Xo 4’ 22)
Sy S_ /s,—s_ s,S_

where -, xo are the residue matrices pA,;s—A;] 1 at
the poless=s.. ,0, which are the roots of its determinant,
A=A (s—s,)(s—s_), A; being the determinant oA;.
These are

(23

C1(Dg+nD})+Dy(Cs+Cj) —Cy(Ds+n’D3)—Dy(Ce+C})

1= 24,

. (Ce+C})(Ds+n’Dj)—(Cs+Ch)(Dg+nDy)
2= .
Ay
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In that form, Eq.(22) shows that the velocities can result where 7= (ve;+ ven)Me/Ne€% is an effective resistivity in-

either from a steady process, given by the last term, or froncluding collisions with neutrals, which is of first order, and
an exponential growth/damping at the ragss . For insta- v
bility, the real part of either of the roots. has to be posi- G(2)=£2E(2)XB'V¢+ _‘/’.J-(Z)Jr
tive. From the point of view of the ponderomotive force, B ne ne

which is our present interest, the fir_stzcase is the one that hagyolves only second-order variables. The first-order current
been considered in previous works? represented by the s gbtained from the total momentum balance equation; fo-

direct momentum transfer of toroidal and poloidal PM forcescysing only on the contribution from the PM force, we have
contained inA,. The spin-up, given by the exponentials,

may arise from a radial flow produced by the PM force, if it
is large enough to overcome the damping due to collisions
and viscosity. Equatior(23) shows that these dissipative
terms contribute negatively ®. , sinceA; is positive defi-
nite, while the terms involving the radial flow may give posi- () c?y 1)

tive contributions. In particular, whe;>0, a positive V-V y= ?V‘ﬂ":p +Ha, (27)
feedback to poloidal rotation would be expected, as we can ) )

see also from E¢20), which is the poloidal angular momen- andH involves all other terms unrelated E, not of im-

tum balance equation. It is interesting to see the requiremeniortance for the present discussion. Unlike E25), the PM
imposed to the flow by this term, for a circular cross-sectionforce has to be of first order to produce the desired flow, so
large aspect-ratio tokamak. By looking at the definition of2 Stronger radial force is required to spin-up the plasma. In

the coefficientD, which depends on the poloidal asymme- Sec. Il we will calculate the radial PM force for electron-
try of the flow throughAg, we notice that cyclotron waves, which are the ones that could give a large

enough magnitude for it.

C

.V p2
Bsz Vp'“’XB

) C
i{=gzlFyxB-Vphx8],

which upon substitution in Eq26) gives

d
@wi-v YA g)<O0. (24

Assuming the flow is a delta function in the poloidal angle |
vy=006(0— 0), and Ag~—2ecosf (with € the inverse | resonance
aspect ratip then Eq.(24) implies that they derivative of | .

=)

|

|

2v g€ cosh, has to be positive, which means that the flow has
to be in the direction of the major radiuR, (whereR is a
unit vector in the direction of the major radjyss depicted
in Fig. 1, if the ¢ gradient is positive.
Now we consider the possible ways of producing the — R
radial flow. We analyze two different cases in which the PM
force can give rise to this flow(a) for a PM force with a
component on the magnetic surface dhgfor a radial PM
force.
(a) In this case the spin-up would be due to a poloidal or
toroidal PM force. We recall that -V ¢ has to computed to
second order. By taking the componan{/-BX of Eq. (2),
we can find for the radial velocity

- c F,iXB
VAV = rqvw- péz
[ l]

+H, (25

whereH represents all the terms not involving the PM force.
From here we note th4F| can be of second order to con-
tribute in this order tov;-V ¢, so a relatively weak force
would be of importance.

(b) In this second case, a radial force produces the spin-
up, but the presence of a collisional force is required, as in a
diffusive flux. To obtain the radial flow it is more convenient
to use one-fluid equations by subtracting from E2). its —>R
equivalent for electrons, to get the generalized Ohm'’s law,
and adding them to get the total momentum balance. Taking!G. 1. Spin-up mechanism driven by the poloidal asymmetry of the wave

again the componer¥ B X of Ohm’s law, absorption. The radial ponderomotive force creates a poloidal cuprent
~FpXB which produces a radial flow~j, XB in the inboard side. To
ij (1) maintain mass continuity a field-aligned return flow is driven. The field line
v(2.y y=cyV - — + G2 (26) curvature, acting as a gravity alofg makes an initial poloidal rotation to
B ' grow, since local density is perturbéafter Ref. 15.
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IIl. DRIVING RF WAVE PROPERTIES Since theO mode behaves as if there was no magnetic

. , . field, the PM force produced by it may be obtained from Eq.
The ponderomotive force has different representatlon%ﬂ) by just makingu=0. Thus, it simplifies to

depending on the way it is derived, including a possible time
dependence. Ignoring this possibility, the PM force of an v
electromagnetic field oscillating at frequeneycan be writ- Fplzﬁ
ten, for the species, as®

Imk,|E|2. (32

In both cases, the PM force is determined by the absorption
i . ) - 4aj* coefficient of the wave, represented by km This can be
Fpa=§Re ;VEw'l a0 V'|]aw ZEer 2 ' obtained from the dispersion equation of the specific mode,
be (28)  and it depends on the particular harmonic one chooses to
o o use? It turns out that the direction of the PM force needed
where],, is the current of speciea induced by the wave  for the establishment of the Stringer mechanism does not
electric fieldE, and wp,=4mngj/m;. The total currenj  gepend on the harmonic used but on the wave injection site.
=jit]e is related withE through the conductivity tensor Physically, the driving force has to point in the positive
ik, which depends on the special kind of waves being congjirection of the major radius, as mentioned in Sec. I, in
sidered, order to produce a return flow from the outboard side of the
j =0y E (29 torus to the inboard side. This can be seen in Fig. 1, drawn
I Tik=ke after Hassam and DraR&.If the wave is injected from the
In order for the PM force to have an important effect on low field side(LFS) then the PM force is in the direction of
momentum transfer it is necessary to have a region of largéhe minor radius ,>0), but if it is injected from the high
gradient forE. This happens at a resonant surface, where théield side(HFS), then it has to be in a direction toward the
electric field magnitude decreases to almost zero within th@lasma column centeiF(,,<0). In this situation, the unbal-
absorption region. The smaller the absorption region thé&nced radial flow created bk, has to be drained by a
larger the gradient. So, it seems the most convenient optiofield-aligned return flow, to maintain continuity, which goes
is to use electron-cyclotrofEC) waves, since the small gy- from the LFS to the HFS. If this flow is in the opposite
roradius of electrons produces a thin resonant surface. In thigrection, then there is no instability. The instability may be
section we will focus on the analysis of EC waves as thevisualized when the effect of the field-line curvature is con-
cause of the required PM force. Lower hybrid waves are alsgidered as an effective gravity along the major radius. As
a possible candidate but their effect would probably be less§oon as a small poloidal plasma rotation arises, the region of
important. mass depletion is displaced poloidally, creating a region of
With the purpose of estimating the PM force we use thdower density, which tends to move up the gravity. This am-
cold plasma dielectric tensor for high frequencies, which igolifies the initial rotation, producing a rotational instability.
related to the conductivity tensor by = &+ 4mioj/w. Mathematically, the requirement is that, in order 'Eo have a
For this calculation we use slab geometry with a local coorpositive contribution irs.., it is necessary tha,,~R.
dinate systeme,, &, &), with the e; axis along the mag- The direction of the PM force is given mainly by the
netic field, ande; along the direction oV ¢. Since we con- sign of Imk;, according to Eq(32) and the first term of Eq.
sider waves propagating perpendicularly to the magneti¢31). For absorption, Ink-r>0, so when the injection is
field, we can have the ordina® modeg and the extraordi- from the LFS Imk~f~—R, which is unfavorable for
nary (X mode modes. For the latter only thg, components  Stringer spin-up. On the other hand, for HFS injectionkim
transverse to the magnetic field are needed, which are ~f~R, allowing the Stringer mechanism. Thus, regardless
o © up of the EC mode used, the wave injection has to be from the
— HFS, which may be achieved with appropriate wave guides.
Both, O andX modes can be used, and one could choose the
WherEUnge/wz, u=w§/w2, andwg=eB/mc is the elec- "€ with the highest absorption. For normal propagation, at

tron cyclotron frequency. The PM force produced by ¥e the fundame_ntal harmonic_ the moc_le_ is th_e most strongly
mode is obtained from Eq28) to (30). What we need is the 2PSorbed, with an absorption coefficient giverfby
radial component of this force, which in our local coordi- Imk, 2\/;q

TSR Ty 1T oaT g oy (0

nates is identified witte, . The result is — =1 %4, (33
”1:8i UlLklz((lJr u)|E|2+4\/GIm(E1E’2‘)) while at the second harmonic the mode has a quite high
7 (1-u) absorption, according 8
1 uv \/Gv(l-i- u)
2 gz, YU xy, YUv(LTu) Imk, 2Jmq _ -
+87T |E| al(l_u)2+|m(ElE2)‘9l (1_U)2 ! K = 15 (1+:)222/26 2, (34)
(31

In these equationszs=mc*(swg— w)/swpTe,Z=0q/(3
whereg, indicates derivative with respect to the radial coor- —q), q=w'2)e/wé, and z;>0 is needed for a nonzero ab-
dinate. sorption, which again means injection from the HFS.
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The ponderomotive force could now be estimated fromdetected by the establishment of ITB by measuring the
Eq. (31 or Eqg.(32) and the result can be used in E7) to  changes in the temperature profiles. In DIII-D, interesting
compute the contribution of the radial flow to the rosts  work is being performed to produce reverse magnetic shear
given in Eq.(23) As mentioned before, at least one of thesenear the center using ECH and study electron transport
has to be positive including the dissipative terms in order tdarriers?* with moderate(0.5 MW) rf powers. It should be
produce the spin-up. As we can see from [E8fl) the X possible to increase the power to produce plasma rotation
mode produces a PM force with a resonant denominatonyith radial injection of EC waves. Other tokamaks that are
which is not present in th® mode, and therefore it is the doing important work with ECRH in relation to the estab-
most convenient to get a large force. However, sinceXhe lishment of transport barriers are the Frascati Torus
mode presents a strong absorption at the second harmonidpgradé® (FTU) and the axisymmetric divertor
the resonant effect is not so prominent. Thus, it would beexperimer® (ASDEX Upgradé. The close-to-the-axis heat-
advisable to use the most appropriate wave to produce roténg used in these experiments to take advantage of the nega-
tion which is theX mode at the second harmonic and it hastive central shear could be easily modified to produce plasma
to be tuned in a way that finds the resonant surface close t&pin-up at specific radial locations based on the technique

the edge in order to have the required friction. proposed here, provided powers in excess of 1 MW are
available.
IV. DISCUSSION AND CONCLUSIONS To conclude, we have shown that it is possible to imple-

ment a convenient way of rotating a plasma near the edge

The resultg of the previou_s wo secFions can be now puFegion, where significant frictiofresistivity or neutral colli-
together to estimate the required magnitude of the PM forc§i0n5) is present, using rf waves. This is based on the

and the wave power. We notice that the dominant term in EqStringer spin-up mechanism, initiated by the radial particle

(23)0' ‘E'?te”“'”'”g_ the sign of the (_axponentlal, 6__ flow produced by a radial PM force, which affects only a
+nyDy; for the spin-up to take place this has to be positive..5jized region in poloidal angles. An important fact that
For a circular cross-section tokamak and keeping the lowest, ;o5 this nonlinear mechanism a plausible one is that it
order terms in the inverse aspect-ragiothis can be evalu-  genends on the radial gradient of the PM force, and this can
ated to get the condition be significantly large for narrow absorption layers.
- , d EC waves are especially appropriate for producing the
—2min;vine By~ uBy+2mic” o (nineF ) =0. necessary PM force drive, due to their small absorption re-
gion. Injection has to be from the HFS of the torus in order
The value ofu can be obtained from the parallel viscosity to have the required direction of the radial flow, using either
tensor to b& uB,=7o((VB)*)~neBj/2R5, where 75 O mode at the fundamental resonance orXheode at the
=0.96n;T;/v;; . This term is usually dominant over the neu- second harmonic, although the latter is more favorable.
tral collisions. Note that the fastest varying quantity in theqowever, other wave frequencies could be used, provided
radial derivative is the PM force, so neglecting the variationthe resulting PM force gradient is large enough. In this

of the others we find scheme there is no need for antenna phasing in order to di-
dF B% 7o rect the wave launching. Perpendicular propagation would
dr’”; . czy;e(ﬁer‘niqzyi”)' (35  give the desired effect. It is important to note that, even
itli 0

though we are proposing the use of resonant wave absorption
For the edge region of a tokamak of the type of the Swisgo produce a large wave-amplitude gradient, the mechanism
tokamak, TCV?? having enough dissipation(i.e., »  for momentum transfer itself is nonresonant. As mentioned
~10 *®s given by both ion—electron and ion—neutral colli- in Sec. |, other nonresonant, spin-up mechanisms for rotating
siong, the condition for the radial force isiF, /dr  the plasma have been proposéd’which could be comple-
=10°dyn/cnf, or if we assume that the PM force appearsmentary to the one presented here, depending on the way the
within a region of the order of the electron gyroradipg, Wwave is injected.
~10"%cm thenF,,=10*dyn/cn?. The corresponding ab- Finally, it would be highly desirable to test this method
sorbed wave electric field can be estimated from E8%)  in experimental settings in order to confirm the theoretical
and(34) for the X mode a€E~ 10 kV/cm, or equivalently, an  predictions. This would also provide a means to confirm the
absorbed power densif§~ 5k W/cn?. Although this means  Stringer spin-up mechanism, which, although it has been in-
a quite intense wave is necessary, it should be possible to geoked in several theoretical works, it does not count with a
this power with an array of several gyrotrons like those usedlirect experimental evidence of its operability. If this rota-
in TCV.22 tion scheme can be adequately implemented, it promises to
There are several experiments where this rotatiorbe a very simple one, and future experiments could benefit
mechanism could be applied, that already possess facilitifsom a convenient way to create regimes of high confine-
for ECRH, in addition to TCV. In the Dutch Rijnhuizen To- ment.
kamak Project, RTE® the effect of ECRH in creating ITB
has been proven, using modest amounts of rf power. Increas
ing the gyrotron power over 1 MW and doing off-axis heat-i\CK’\IOV\/LEDGMENTS
ing, but with radial injection, would allow one to test the This work was supported by Project DGAPA-UNAM
spin-up effect of the radial PM force. This could also beIN117498 and CONACyYT project 27974-E, Mexico.
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