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A two dimensional code ALTOK, which is designed for calculating plasma heating due to radiofre-
quency �elds in the Alfv�en and in Ion Cyclotron Ranges of Frequencies in axisymmetric tokamaks,
is used to analyze Alfv�en wave absorption in multi species plasmas in TCABR (Tokamak Chau�age
Alfv�en Brasilien) [Nucl.Fusion 30, 503 (1996)]. A good agreement between the results obtained
with ALTOK code calculations and with a two dimensional kinetic code [Phys. Plas., 6 (1999)
2437] is shown for Alfv�en wave dissipation in hydrogen plasmas. The global Alfv�en wave resonance
of the m = 0 mode is found to be the best candidate to explain some heating regimes in TCABR.

I Introduction

The method of Alfv�en wave (AW) heating is based

on the mode conversion e�ect[1] (named a local AW

resonance (LAR)[2, 3]) of the radio frequency (rf) �eld,

induced by an external antenna, into a kinetic AW

that e�ectively dissipates on electrons. The analysis

of Alfv�en wave absorption in tokamaks with two di-

mensional (2D) numerical codes has its origin on the

MHD plasma model developed in Ref [4]. Lately, this

model was extended to ion cyclotron range of frequen-

cies (ICRF) by including ion cyclotron resonance with

collisional dissipation (see Ref [5]). However, the ef-

fects of wave dissipation on electrons was modeled by

an arti�cial damping to overcome the logarithmic diver-

gence in LAR. Some kinetic 2D-codes for AW heating

were developed for the axis-symmetric tokamak plasma

geometry [6, 7, 8]. However, nonlocal e�ects in the ki-

netic dielectric tensor produced diÆculties in the pro-

cedure for solving the Maxwell equations numerically,

especially in the vicinity of the ion cyclotron resonance.

Recently, the MHD plasma model was extended to

a multi-
uid plasma model which includes electron and

two species ion 
uids [9]. This two-dimensional nu-

merical code (named ALTOK) can help to resolve the

problem of numerical solution at the local AW reso-

nance because it includes naturally the electron-ion col-

lision dissipation and the electron inertia in the paral-

lel component of the dielectric tensor. In this case, a

slow quasi-electrostatic Alfv�en wave (SQAW) [10, 11]

may appear at the mode conversion magnetic surface.

This model is suÆcient for analysis of Alfv�en and fast

magneto-sonic waves in ICRF.

Here, using the ALTOK code, we present rele-

vant results of numerical calculations related to the

Alfv�en wave heating experiments in TCABR [12], tak-

ing into account carbon and oxygen impurities, and

compare some results with the corresponding ones ob-

tained through the kinetic code [7].

The paper is organized as follows. In Section II, we

brie
y describe the toroidal multi-
uid plasma model.

In Section III, we present the result of calculations of

Alfv�en wave dissipation in the TCABR tokamak. Fi-

nally, we analyze some heating regimes in TCABR and

summarize the main results of our calculations.

II Plasma model

The standard plasma model includes Maxwell

equations and the dielectric tensor, which is calculated,

in our case, from multi-
uid MHD equations (see, for

example [13]). Assuming harmonic dependence in time

and in toroidal angle ' for the wave magnetic �eld B,

electric �eld E, and current density j,



A.G. El�mov et al. 35

c

E =
X
n

Ene
in'�i!t; B =

X
n

Bne
in'�i!t; j =

X
n

jne
in'�i!t; (1)

the Maxwell equations can be presented as follows:

r�r�E� !2

c2

�
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where jext is an external driving current in the antenna
and generalized Ohm's law j = �̂E is used with �̂ being

the susceptibility tensor in a local bases of coordinates
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In the equations �e is the electron-ion collision fre-
quency, !p�, and !B� are the plasma and cyclotron
frequencies, respectively, for species �. The wave ab-
sorption power density is given by W = Re(j �E�).

A general two dimensional grid with non-orthogonal
quadrangular cells is used to discretize Eq.(2). For
the axis-symmetric equilibrium, a quasi radial-annulus
grid, adapted to magnetic surfaces, is applied. The
equilibrium code POLAR-2D [14] is employed to solve
the Grad-Shafranov equation for  and obtain the grid
adapted to magnetic surfaces. However an arbitrary
grid can be also used if the equilibrium magnetic �eld
is directly speci�ed.

III Alfv�en Wave Heating

Here, using the 2D kinetic [7] and MHD codes[9],
we present relevant results of numerical calculations
on the AW heating experiments in TCABR (see the

discharge 4893 in Ref [12]) and compare them with
old TCA results [15]. The simulations have been car-
ried out assuming a circular cross-section tokamak ge-
ometry with the following parameters: minor radius
a = 0:18 m; major radius R0 = 0:615 m; antenna sur-
face radius b = 0:2 m; wall radius d = 0:23 m, toroidal
magnetic �eld B0 = 1:1T , plasma current Ip = 54kA,
for the ohmic stage, and Ip = 57kA, for the rf stage.
The kinetic code calculations are carried out assuming
a temperature pro�le given by T� = T�0(1 � r2=a2)2;
with � = e; i, Te0 = 500 eV and Ti0 = 160 eV , respec-
tively. We chose the values of the safety factor to be in
the interval 1:1 � q0 � 1:6 at the magnetic axis, and
4:4 � q0 � 6:4, at the plasma boundary. These parame-
ters are con�rmed with ASTRA transport code[16] cal-
culations (see discussion below). Finally, the electron
density pro�le is assumed to be of parabolic form with
a maximum central density n0 = 3:2� 1019m�3 and a
pedestal value na = 1 � 1018m�3. The impurity and
ion pro�les are taken the same. We assume a helical an-
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tenna with poloidalM = �1 and toroidalN = �2:::�6
wave numbers. The real structure of new TCABR an-
tenna system is taken into account through coeÆcients
calculated in Ref.[17]. In our calculations, we consider
only one antenna mode that corresponds to the main
component given by the Fourier analysis of the actual
antenna system.

Because of small pressure corrections and to sim-
plify calculations, we use a force-free equilibrium in
the ALTOK code calculations with the toroidal current
density rj' = (1 � � �2)�1 and the plasma density is
n = n0(1� � )�3 ; where � is normalized poloidal mag-
netic 
ux function, so that � = 0 at the axis and � = 1
at the plasma boundary. To have the plasma density
and current pro�les adjusted to the pro�les used in the
kinetic code, we use �1 = 1:6; �2 = 0:95 and �3 = 0:7.
In Fig.1, we show that there is reasonable coincidence
between the corresponding plasma pro�les of the AL-
TOK and kinetic code for the poloidal angle �=2.

Figure 1. Density ne and toroidal current pro�le rj' over
the radius at the poloidal angle �=2 of tokamak crossection;
the solid lines are the ALTOK code pro�les, the dotted lines
mark pro�les used in the kinetic code.

Here we consider wave dissipation in the Alfv�en
wave continuum. Generally, in the cylindrical model,
the equation that governs the Alfv�en wave continuum
can be written in the form,
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For hydrogen plasmas, the equation for the Alfv�en wave
continuum can be simpli�ed to
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In Fig.2, we show the M = �1; N = �4-antenna
impedance for pure hydrogen plasmas and plasmas with
carbon impurity (capital letters are used for antenna
vacuum modes and lower case are used for modes ac-
tually excited in the plasma). We can observe spikes
of the impedance related to the m = 0 and m = �1
global wave resonances situated below Alfv�en wave con-
tinuum. The corresponding wave dissipated power, cal-
culated with the ALTOK code for frequencies f =
4:2MHz and 4:6MHz, is presented in Fig.3. Usu-
ally, the q pro�le is diÆcult to control in TCABR

experiments but the m = 0-local Alfv�en resonance
(8) for hydrogen plasmas does not depend on the q
pro�le. In this case, the dissipated wave power pre-
sented in Fig.3a is strongly peaked in the plasma core
and it can be e�ectively used for plasma core heat-
ing. Note that our calculations con�rm the global
Alfv�en wave resonance that was fond experimentally
in old TCA deuterium plasmas [15] with the param-
eters: B0 = 1:2T,n0 = 2:6 � 1019m�3, q0 = 1:1,
M = �1; N = �2; f = 2:5MHz.
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Figure 2. The antenna loading impedance IMN plotted as
a function of the generator frequency f for poloidal and
toroidal wave numbers M = �1; N = �4 of the antenna
spectrum. The impedance curves are calculated with the ki-
netic code (solid for pure hydrogen, doted with 0:2impurity
plasmas) and dashed line correspond the MHD code calcula-
tions for plasma with 0:2%-carbon impurity The plasma pa-
rameters are n0 = 3:2 � 1019m�3; Te0 = 500eV, Bt = 1:1T,
q0 = 1:1, qa = 4:4.

Because of an uncontrollable increase of the light
impurities, such as carbon and oxygen, supplied by the
chamber wall during the rf pulse, the global wave fre-
quency and Alfv�en wave continuum can be strongly
modi�ed if the Alfv�en wave frequency is about of the
ion cyclotron frequency. In Fig.4, we show the cylin-
drical Alfv�en continuum (7) modi�cation in a plasma
with light impurities in shot # 4893. This situation
is also calculated using 2-D codes. For example, in
TCABR hydrogen plasma with 0:2% of three times
ionized carbon (or four times ionized oxygen), the cy-
clotron frequency is f = 4:2MHz and it can a�ect
Alfv�en wave dissipation. That e�ect is also demon-
strated in Fig.2 where the Alfv�en wave continuum is de-
stroyed for frequencies about this cyclotron frequency.
In this case, the better heating regimes can be occur
about f = 4:6MHz that is above the C+3

12 -cyclotron
frequency (see Fig.3b).
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Figure 3ab. Distribution of dissipated wave power over toka-
mak cross-section in the spike of the m = 0-GAW reso-
nance in hydrogen plasmas shown for f = 4:2MHz (a) and
f = 4:6MHz with 0:2calculations with M = �1; N = �4
antenna con�guration for central plasma density n0 = 3:2�
1019m�3.

IV ASTRA calculations

The results of the rf heating discharge # 4893[12]

have been analyzed with the ASTRA code[16]. Before
the rf pulse (the reference time is 53ms) the plasma
parameters are: current Ip = 54 kA, loop-voltage
U(a) �2.77 V, line-averaged density �ne = 2:1 � 1013

cm�3, �dia = 0:49 (see Fig.4). Assuming the Alcator-
scaling coeÆcient, the data in Fig.5 can be adjusted
with Zef = 5:2. In the middle of the rf pulse (the ref-
erence time is 61.5ms at the maximum of the current),
and considering a small density grow to �ne = 2:2�1013

cm�3 with the same pro�le, the data in Fig.4 (Ip=57kA,
U(a) �1.74 V and ��p � 0:1 for the reference time
61.5 ms) have been adjusted with Prf = 60kW and
Zef � 5:4 with Alcator-scaling di�usion. The result
indicates an eÆcient Alfv�en wave heating, a small cur-
rent drive �Icd � 1:2kA and current drive eÆciency
�kkk=(2� e ne0R0!) � 0:02A=W:
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Figure 4. Plot of the cylindrical Alfv�en continuum taken
from Eq (7) and di�erent carbon and oxygen impurity cy-
clotron resonances in hydrogen plasmas for conditions in
Fig.2.
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Figure 5. Distribution of electron temperature (a), loop
voltage and dissipated wave power is calculated with the
ASTRA code and shown for ohmic (t1 = 53ms, dotted lines)
and rf (t2 = 61:5ms, dash lines) stage in N 4893 discharge.
Loop voltage under rf power is shown with rf heating (dash-
dot line) and taking into account 1.2kA current drive (solid
line).
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V Conclusion

In conclusion, we can say:
� Alfv�en wave absorption of coupled side-bands har-
monics exited by M = �1 antenna causes a broad
power deposition at m=0 local AW resonance that sur-
pass the power deposition of global AW at the plasma
center;
� choosing generator frequency properly in m = 0
Alfv�en wave continuum, Alfv�en wave absorption can
be concentrated in the plasma core;
� the ASTRA code calculations con�rm Alfv�en wave
heating �Te(0) � 250eV and non-inductive current
�Icd � 1:2kA driven by one module antenna with
60kW dissipated power in the plasma.
� to analyze the AW dissipation properly, the e�ect of
ion cyclotron resonance zones introduced by partially
ionized impurities should be taken into account.
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