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The rotating low frequency (RLF) field penetration and dissipation and the effect of ponderomotive forces
driven by Ergodic Magnetic Limiter (EML) on the poloidal/ toroidal flow in tokamak plasmas are discussed.
EML coils are represented as a sheet current expanded in Fourier series with poloidal/toroidal wave numbers
M/N depending on coil shape and feeding. The Aliwvave mode conversion effect in the RLF range is
found responsible for wave dissipation at the rational magnetic suréaces —AM /N = 3 typical for EML

coil design. Analytical and numerical calculations show maximums of LF field dissipation at the locahAlfv
wave resonance = |k c4| near the rational magnetic surfage= 3 in Tokamak Chauffage Alfén Bésilien.

The poloidal rotation velocity/, taken into account in the dielectric tensor, can strongly modify the LF field
and dissipated power profiles. Even stationary EML fields can dissipate at the locahAdfave resonance
(UM/ra = kjca). Preliminary estimations show that the stationary EML fields can decelerate the plasma
rotation.

1 Introduction nent of the wavevectorR?, is the tokamak major radius, and
ca = Bo/+/4mm;n; is Alfvén velocity.

. ] . ] In this paper, we analyze the penetration, dissipation
The tokamak is a toroidal magnetic confinement system and poloidal/toroidal flow driven by RLF fields, which are
where an equilibrium current in the toroidal direction is used jnduced by EML at the rational magnetic surfacgs=
for plasma heating, as result of the Joule effect. Earlier toka'_]V[/N, within a linear approximation for the wave amp“_
mak experiments had been already shown an obvious necesyde. The position of the rational surface is supposed to b
sity of instability control and auxiliary heating. The Ergodic  ¢jose to the plasma boundary. The coils are represented :
Magnetic Limiter (EML) has been proposed [1] for effec- 3 sheet current at = b, expanded in Fourier series with
tive heat exhaust, edge cooling, impurity screening, plasmapoloidal 1/ and toroidallV wave numbers. The cylindrical

confinement, and stability control at the plasma boundary. model for EML coils used in calculations can be presentec
Some promising results were already obtained in Tore Su-jn the form

pra tokamak with stationary EML coil current [1]. Recently,

EML coils were employed in Hybtok-Il tokamak [2] to ex- J= Z QAgoLIL cos(sMo0) [1 + 2cos <&>] €,
perimentally investigate the penetration process of Rotating SN 0 Ry

Low Frequency (RLF) fields into tokamak plasmas. EML

coils have also been installed in the Tokamak Chauffage 4LI; Esin(slﬂ 0) sin <&) G B
Alfvén Beésilien (TCABR) [3] with the main goal of af- (R)? s 0 Ro 0

fecting the plasma at the rational magnetic surface 3.

A theoretical analysis of stochastic effects produced by the
stationary EML coil current at the plasma boundary was
presented in Ref.[4]. A Dynamic Ergodic Divertor (DED)
with RLF fields was also installed in the TEXTOR toka-
mak [5]. In Ref.[6], it was shown that the RLF fields dri-
ven by DED can produce additional heating and plasma flow
near the rational magnetic surfage= 3, in the frequency
band5 — 10 kH z, at the plasma boundary in TEXTOR and
TCABR tokamaks. The RLF fields dissipate at the local j, , = Z Jo.s(M,N)§(r — b) exp[i(M60 + N — wt)],
Alfv én wave resonance = |k3\||CA wherew is frequency, M.N

k| = (m/r)By/By + (n/Ry) B¢ /By is the parallel compo- 2

where the cylindrical coordinates, @, = are usedgy andé,

are unit vectors in poloidal and axial (toroidal) directions,
My is the main poloidal number ardis length of the EML
coils in z direction,s = 1,3, 5, .., and I, is current ampli-
tude of the coil in the case of stationary fields. The EML
model was also discussed in [4]. In the simplified pseudo
toroidal model for DED [6], the coil current is presented in
the form
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Here, the relation between the cylindrica) @nd pseudo- 2 Plasma Parameters and LF Fields
toroidal (p) coordinates is established as= Ry¢ (R, is

the major radius of the toroidal plasma column with minor To model the conditions of the RLF field excitation and p
plasma radiug). This model can be explored for EML coils deromotive forces induced by EML in the frequency rau
if we did not take into accoun¥=0 harmonic in eq.(1). (10 — 30 kH=z) in TCABR, we assume circular magn

To analyze LF field dissipation in tokamaks, we use fi¢ surfaces with simple fitting profiles of plasma parar
analytical and numerical calculations. One dimensional nu- ('S i-e., the pngabollc in square temperature prafile =
merical kinetic [7, 8] (named "cylindrical” hereafter) and Le.ioll — (r/a)"]® + T¢ ;.. with pedestal, where the ce
two-dimensional fluid [9] ("ALTOK” hereafter) codes were ~(ral electron and ion temperatures are 500 and 150 eV
developed for calculations of Alén wave excitation and ~ Le.a = Tia = 20 €V, 2Tf:)e9electror_1 density profllleg IS glve
dissipation in axisymmetric tokamaks. The cylindrical code by ne = no[(1- (7’/(1_) NP 414, with ng :183 X 1;) m”o.,
calculates the distribution of electromagnetic fields, dissi- SMall plasma density dropf = 3 x 10 m™") on the
pation profiles, and the impedance of the helical antennaPlasma boundary is taken into account to avoid diverge
for a given real frequency of the generator and toroidal of thg LF fields due to flnlte Larmor.radms effect in the |
N = k. R, and poloidall/ wavenumbers of the antenna, in hybr[d resonance. The ion densrty is taken to satisfy th(
two-ion species magnetized plasmas with circular concen-"€auirement of charge neutrality;, = n.. ¢From Spit-
tric magnetic surfaces. The standard plasma model inclu-Z€" resistiity, we t51ave that the current profile is given
des Maxwell equations and the cylindrical kinetic dielectric J = Jo[1—(r/a)*]**, and the values of the safety factor :
tensor in the kinetic code. The LF electromagnetic fields 90 = 1-00, ¢t—0.1) = 3, andg, = 3.46. The plasma pro
are represented as sum of the poloidal Fourier harmonicgfiles used in the ALTOK code are slightly different from t
expli(mf + k. z —wt)], and the dielectric tensor [7] is calcu- c_yhndncal_representatlon. The density and curge7nt distr
lated from the Vlasov-Boltzmann equation for each harmo- tion used in OASET106K code [9] arer = ng(1 — ¥*7), and
nic taking into account electron Landau damping, electron-J = Jo(1 — ¥7%?)"* whereV is the poloidal magnetic flux
ion collisions, and finite Larmor radius effect. A multi-fluid  The calculations have been carried out assuming a cirt
plasma model is used in the ALTOK code [9], with two di- cr_oss-sec.tlon plasma column with t_he following paramet
mensional inhomogeneity and arbitrary cross-section of theMinor radiusa = 0.18 m, major radiusk = 0.615 mn, an-
tokamak magnetic surface, including the Shafranov shift. In tenna radiu$ = 0.2 m, vessel radiug = 0.23 mn toroidal
the applications to TCABR, the fields and dissipation are Magnetic field3; = 1.1 T, and ohmic current, = 85 kA.
calculated on circular magnetic surfaces. Oscillating LF fi- YWe note that the direction of the current is opposite to
elds are represented as one travelling wayei(N ¢ — wt)] toroidal magnetic field in this tokamak.
propagating in the toroidal direction excited by one toroi-  The conditions for validity of the kinetic and ALTO
dal mode antenna in eq.(2). The ALTOK code includes the codes are satisfied in the periphery region ("cold plasm
natural electron-ion collision dissipation and electron iner- Which approximately equals one third part of the minor
tia in the parallel component of the dielectric tensor [11], dius, in afrequency band that is determined by the ineq
which is valid for analysis of LF dissipation in cold collisi- ties valid outside the rational surfaces so thatz 0,
onal plasmas. We note that small letterslesignate modes
that are actually excited in the plasma due to toroidal cou- Vii Sw K Vei L k| Vre < kjca, 3)
pling effect, andM designates the modes produced by the . .
coils. The absorbed energy density on electrons and ions is""herev.”’e are the ion and (_alectron_ t_hermal veloqt,yi,

lculated using the equatiofi ) = (59 . £) and the ve; are ion-ion and electron-ion collision frequencies, r
Ca. 9 q N \J pectively, and:4 = B;/(4wn;m;)"/? is Alfvén velocity. At
helical antenna model witky - 7 = 0 is assumed for LF  the rational surface; ~ 0, inequalities (3) are modified t
excitation in both codes. the collisional MHD conditions. In general, the multi flu

To calculate the ponderomotive forces that may drive hydrodynamic code is valid within the conditions:
current and plasma flow, we use an approach based on avera-
ging of two fluid plasma equations over magnetic surfaces, K \Vri < vig, wx, k)Vre <w = kjca <vei  (4)
developed in Ref.[10]. Using dissipation profiles calcula-
ted with the codes and expressions for ponderomotive for-where the electron drift frequency iswx =
ces taken from [10], we make first estimations of RLF on VZ.(m/rwe.)d(Inn.)/0r. In Fig. 1, we show the charact
poloidal and toroidal flow driven by EML in TCABR plas-  ristic dependence on radius of the parameters that appe
mas. The paper is organized as follows. In Section 1, we€gs.(3,4) for TCABR. In this figure, we observe that at
briefly describe the collisional plasma model and its MHD boundary region the ion collision frequency is of the or
limit that is valid for calculating RLF fields at the plasma Of the electromagnetic field frequency and the result ma
boundary in TCABR. In Section 2, we discuss the results important for determining the RLF field dissipation.
for the RLF field distribution and dissipation over the toka-
mak cross-section. In Section 3, we calculate and discuss the . .
ponderomotive forces effect driven by EML on plasma po- 3 LF Fields Induced by EML Coils
loidal and toroidal flow in TCABR. Finally, we summarize
the main results of the calculations and present our conclu-For a qualitative understanding of the phenomena rel
sions. to energy deposition and current drive by Afvwaves in
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tokamaks like TCABR, we simplify the tokamak geometry plasma. We choose the dielectric tensor components takin
with the model of the axisymmetric plasma column with an into account the plasma flow with the poloidal and toroidal
axial current. We use linearized Maxwell equations with lo- components ¢ . and collisions as in Ref.[11],

cally constant parameters, to describe the wave field in the

|

2 i\’

C - UQ Ve W
€1 =1+ 5 1-— +172

0/4 w Q}Ce

wpe,'i,

;633:1*2 =

cr (W—k-up)(w—k-up+ive)

2 . 7\2 2 2
| (w—Fk-1) c B2 d [(rBy
€22 = €11; €pr = —Erb; €rp =1 |:C?4ww(,z + Ek\\@a ( B. ) (5)
The parallel tensor component [7], that is valid ok k) V.,
2 2 .
(e) “pe 1 exp(—S57) W+ Wei
€37 = [1+4S.Z(S.)], Z :—/ ds, Se=——— (6)
33 kﬁv%e ¢ ¢ € ﬁ S — Se ¢ \/ﬁ“ﬂ” ‘UTc

is used in the kinetic study wherg. = /T./m. is the
thermal velocity, andZ(.S.) is the plasma dispersion func-
tion that describes Landau damping.

k;ﬁ is fulfilled. In this case, a slow quasi -electrostatic

Alfvén wave (SQAW) with high refractive indexy? =
(e11 — Nﬁ)egg/eu, is excited because of the mode conver-
20 sion of LF field at the surface= r 4. For the low frequency
' “ “ bandw, < w.;, the AW resonance is defined by the sim-
(), (a) | plified conditionwa = |k (ra)ca(ra)l. In plasmas with

! ‘ toroidal/poloidal flow, The local resonance is modified to
the condition

\ |
251 \ \

w — k- ai(ra)| = ky(ra)ea(ra)l (7
_20kHz

154

20

e,

in accordance with the radial tensor component in eq.(5).
Next, we present some analytical estimations of LF field

excitation in the plasma. Expanding plasma parameters i

the Maxwell equations in Taylor seriesrat r 4, as in [13],

we obtain the solution of equation (7)=at r 4, which can

be presented as the general Airy function,

Eroc/ exp {<t77—>] dt;
O 3

¢ w2 1/3
T=(ra—r) <733 5 > for r=ry (8)
er1(a—ra)cy

The collisional dissipation lengthhrg;; ~ 0.6 c¢m is esti-
mated for TCABR using the conditiodn[rs,] = 1. We
note that the components,, a1 ~ +iejw/w.; are neglec-
ted in this analytical study because of the small Hall effect,
Figure 1. Plot of local Alfénkyc. (a), ion soundkyc, (b), drift @~ 1 < Wei- .

w?(c), and ion collisionv;i (d) fpequ(erzcies over mirH10r r(a()jius over Near the rational magnetic surfaces & m/N) where
poloidal angle that is perpendicular to equatorial plane for the ty- %] = 0, two local Alfvén resonances may appear. The same
pical parameters of TCABR plasmas. solution as in (8) can be used at the second mode conve
sion pointr 42 of the resonances = |kjcal. In this case,
expanding the equation for fields found by Soloviev [12] in
a Taylor series around the rational surfagewherek = 0,

the MHD solution can be found in the form [13],

i
+
., o\
A o \
., o !
104 + o \

o
(d) °
o
o
o
o
o
oo
oo® \
oooo
cooooooD |

0 02 0.4 06 0.8 1
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In earlier studies of Alfén wave heating in tokamaks
[7], it was shown that the local Alen wave resonance is ex-
cited at the radius = 74 where the condition;;w?/c? =
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Ey x 1+(-2 In|——
Ts TA2 —T

From this equation we can conclude that the LF field
has maxima in two local Alfén resonance points. If the
dissipation length\r,; is larger than the distance between

these resonance points, the SQAW can change the field pro-

file shown in eq. (9). Next, to verify the distribution shown
in eq.(9), we apply the cylindrical code [7, 8] for one to-
roidal and poloidal wavenumbeid /N=3/1, and frequency
f=12kHz. The spatial resolution &0 radial mesh points)
so thatl2 points are distributed in the dissipation length for

the parameters proposed in Sect.2. In Fig. 2, we show the

E,.-component of LF field forM /N = 3/1 antenna mo-
des. In each numerical example, thé/N -amplitude of
an antenna current is taken to bd /m, which is equiva-
lent to thel.2 kA amplitude of the current in the EML in
TCABR. Generally, for high poloidal/toroidal mode num-
bers (butdM /N = 3) we have low dissipation (see [6]).

0.01 |

0.005 -

Er (au)

~0.005 I I .
0.8 0.9 0.95 1
rla

1
0.85

Figure 2. Plot of the real and imaginary part of radial electric field
E, [VIA] over radius driven by EML in TCABR withf=12 kHz
M/N = 3/1 (cylindrical code).
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Figure 3. Plot of radialE, (a) and poloidalE, (b) electric fi
elds over radius excited by EML in TCABR witfi=12 kHz an
M/N = 3/1 (toroidal code).

3.1 Mode Conversion Effect in Kinetic Plas
mas

Here we develop a theoretical approach to analyze |
ble applications of RLF fields in large tokamaks, where
plasma is hot and stays in the weak collisional regime,

Vei Sw ~ kjca < k) Vre, (10

contrary to the conditions in TCABR plasmas (4).

For the same parameters as in the cylindrical calcula-this study, we take the parallel tensor component (

tion, we calculate the distribution df,. component of the

RLF field and the dissipated power using the ALTOK code.

the kinetic form. In order to avoid complex mathen
cal formulae for the mode conversion analysis, the sirr

The results are shown in Fig. 3. We can observe that there igplasma model is considered. The Hall effect and the
no difference between kinetic and ALTOK codes at the ra- loidal magnetic field are assumed to be sm&l, < By

tional surface;=3. Comparing the sideband harmonic with

~
~

andk, = m/r > k., = N/Ry, so that the diagonal fol

the main harmonic dissipation, we find that the sidebands,e; = €11 = €, Of the dielectric tensor in Eq.(5) can
which have no rational surfaces in plasma, only produce achosen 12 = €21 = 0). Then, we use the simplified tra

rather small skin layer dissipation.

zoidal plasma model as in Ref.[13]. The plasma densit
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temperature are assumed to be homogeneous along magn&here\ = 2n+1,n=0,1,2, ...,

tic field lines and trapezoidal over radius with a small den-
sity drop,on = ng(a; — a)/ L, at the plasma boundary:

a; — 7T
L.’

Ne =MNo, T < Tt Ne =MNo

n<r<a<ay, a1 —a<K Ly ne=0,a<r<w;

wherew wall radius, L, = a; — r; is the scale parame-

1681

and eigenvalue frequency

()

Now, to solve eq.(11) between local resonanees <
r < ra2), We can also use the standard method (see, fo
example, [15]) of the geometric optics (WKB). The RF fi-
eld for the waves travelling over the radial coordinate can be

is
(2n + 1)k, ss

Ts

€11,s

(15)

Wn = VAs c
33,A

ter of the plasma inhomogeneity. Further, the RF frequencypresented in the form:

is assumed to be in the Al@én continuum near the rational
magnetic surface,;, whereq = M/N, what means that
we have two conversion poinisy; 42 in the region of the
plasma inhomogeneity{ < r4; < rs < ras < a).

In the next step, to carry out the proposed kinetic ap-
proach in the vicinity of the conversion points, we use the
approximationsy, ~ Ey andk, ~ m/r > k), which give

m? w? [md(rEy)  d(ky E))
{TQ“’CH *ﬂ = [* ar T dr
1d rdEb N mi & > lk”C dE,
rdr dr )7 dr \r )’ = e33w> dr
(11)

Using Taylor expansion of the inhomogeneous coeffici-
ents of the Maxwell equations at~ r,, the above equation
can be reduced to the form,

ki i2E, 2

d w
% |:633 wz d7-2 — (kﬁ — ? €11> Er ~0 (12)
wherek) ~ (k.B./Bo)ss(r —1s)/rs, 55 = d(Ingq)/d(Inr)

is the parameter of the magnetic field shear, ands taken
atr = r, butess is taken atr = r4. Now, the equation
can be rewritten in the form of inhomogeneous "parabolic
cylinder” equation [14],

T (X n)(VA+)E, =
dn

C (13)

whereC'is a constanty = a(r —rs)/rs, n = +v/\ are the
dimensionless local Alfen wave resonances, and

- () (

The solution of the homogeneous equation is the well known
Hermite polynomial function,

[N

]{}2

259sTs
9

1

22,2
ngéS

L()QTE
- 2
UA,S

€11,s

b
€33,A

Br, ) x (i) F e (<2 ) o) @)
|

1 Im 635]
4 Rele

B(Arf)ism{ [ner)\sm (
{er)\sm (

Evoyp = € oxpli / kdr+¢)  (16)
0

where is an arbitrary phase. Substituting this form of so-
lution into the set of equations (11) with the kinetic parallel
tensor (6), we have the dispersion equation for the kinetic
Alfvén wavek? = (eniw?/c® — ki)ezs/err. We note that
the solution (16) is not valid at the mode conversion points
41,2 because ok, = 0.

Using (16), the general solution of eq.(13) is

N n
E, =&k, % sin </ Krdn + 1/))
-V
n (VX +n)dn+ w)

=& kr sm (/ \/
(17)

Eq.(13) can be reduced to the Airy equation with genera
solution E, « Ai(y)) [14] at one of the mode conversion
pointsn = £/ (orr = r4; 2) and the asymptotic solution
of homogeneous Airy equation is

= A2V A y) % sin E(Q\F)\)%y% + ﬂ . (18)

wherer? = 2v/ Xy, y = VA — . Comparing this solution
with (17), we find that) = /4 and A = &,.. Integratings,-
in (17) between two reflection points,

VA
/ Re[ky]dn =1Ir, 1 =1,2,3...
-V

gives us the resonance frequency (15). In Fig. 4, we shov
the distribution of £, component of RLF field calculated
with the WKB approach, over the resonance layer, in com-
parison with the Hermite polynomial solution (14). We can
observe very similar behavior of these solutions.

We can also calculate the space variation of the RLF fi-
elds excited by external sourcenat= r 4, for a real fre-

quency = 0),

f)%
)}

}X

m
4

19
e (19)
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Figure 4. Comparison of RE, eigenmode fields calculated for tra-

pezoidal plasma model (Hermite polynomial solution) and WKB

solution of equation (11) for TCABR plasma, with very weak ki-
netic dissipatioi/r. > ca atr = r,.

0.8 ‘w‘ \
0.6 | |

0.4+

0.2
/ \ c‘ \
Er (au) \ | |

~0.2 / \ |
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Figure 5. Plot of R&Z. field distribution calculated from the WKB
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damping/growth rates of eigenmodes, for Ink[.] = 0,

/TA2 Im[€33]
_ 62 rai Re[ﬁgg}
- TA2

QRe[w] / Re[633]d’f‘

TA1

Re[k?]dr

4 Ponderomotive Forces Driven by
EML

Using the approach developed in Ref [10] and taking |
account wave dissipation, we calculate the ponderomc
forces driven by EML. The ponderomotive forces on e
plasma speciesyEe,i) are derived in cylindrical geomet
using a two fluid plasma model. The forces are represe
as a sum of contributions from fluid dynamic, electrom
netic, and viscous stresses

F}Og,e,c = 7V<mana\7(o‘)f/9(z)),

ja x B
Jocr Fe=—(Vem o)

(20)
where averaging over poloidal and toroidal angles is u
The electromagnetic force that is properly combined v
the fluid dynamic stress is split in a pdft, which depend:
explicitly on gradients of oscillating amplitudes of the el
tric fields, and a momentum transfer fordép = PE/w,
which depends on the density of dissipated poweand
on the relative poloidal/toroidal phase velocity of the R
fields. The gradient force depends strongly on the finite |
mor radius, which is very small at the plasma boundary.
this reason, we analyze only the effect of the momen
transfer force. Two cases, large phase velocity of RLF
elds,w/ko > up, and slow phase velocityy/ky < ug,
can be easily analyzed. In the first case, the ponderom
force drives the plasma flow in the direction of the ph
velocity of RLF fields and, in the second case, the pond
motive force produces a slowing down effect. The rota
velocity is a very important parameter in tokamaks beca
for example, poloidal rotation can strongly affect stabil
in tokamaks [16]. Balancing the momentum transfer fc
driven by RLF fields (20 kHz frequency) with collision
magnetic pumping damping (rotation from high field side
low magnetic field side), we have

ng&[ﬁ’( = (eaﬁaE +

P 3 vy,
rsw/m — Uy — up

whereUy is the residual plasma rotation caused, for ex
ple, by the ion temperature gradient. Additional poloi

solution of equation (11), for TCABR plasma with kinetic dissipa- rotation with local maximumug .. ~4km/s can be dri

tion Vpe = 2¢c4 atr = rs.

In Fig.5, we present the distribution of ti#&. component of

ven by 2 kW absorption at the rational surface= 3. The
stationary EML fields can also excite local Afm wave re-
sonances in rotating plasmas. The toroidal rotation velc

the RLF field, taking into account electron Landau damping. measured in TCABR [17] is about 1 km/s and the poloi
If the parallel component of the dielectric tensor is com- velocity is about 4 km/s, which is equivalent to 12 kHz f

plex but the imaginary part is small (b33 <Ress3), the

qguency form = 3, N = 1. In the TCABR experiments witl

WKB method [15] can allows also the calculation of the EML [3], the stationary EML fields with 2 kW absorptic
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