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Abstract

ICRF (ion cyclotron range of frequencies) wave on the ASDEX-upgrade tokamak
is studied theoretically. By applying a numerical code on the ICRF wave

propagation to ASDEX-upgrade, the antenna coupling, wave accessibility and
power deposition profile are calculated. The role of the scrape-off plasma

on coupling is also discussed.




8 1 Introduction

The use of ICRF (ion cyclotron range of frequencies) waves is now
accepted as a dependable method for heating the plasma in large toroidal
devices. The role of this heating method is becoming increasingly important
for future machines.

Associated with the experimental progress of the ICRF wave heating
experiments, the theoretical understanding on this heating has also
deepened /1-4/. The excitation, propagation and absorption of the wave, as
well as the fast particle generation and relaxation phenomena have been
explained quantitatively. The analysis of the wave propagation,
particularly, has made such a progress that we now have guidelines for the
antenna design and the wave launching schemes. This has become possible by
the development of a global wave analysis code /3,4/.

In this article we have applied our global wave calculation to ASDEX-
Upgrade /5/ and study the characteristics of the ICRF wave propagation. The
minority resonance heating and the second harmonic cyclotron resonance
heating cases are investigated. Antenna loading, accessibility condition
and power deposition profile are obtained. Attention is paid to the role of
the plasma in scrape-off layer (SoL), in order to simulate the effect of

the H/L transition on the ICRF coupling.




8 2 Model and Basic Equation

We choose a simplified model geometry of ASDEX-Upgrade. For the first
step of the analysis, a wave solution is obtained on the equatorial plane
of the torus by taking a plasma slab model. In the model geometry, which is
shown in Fig. 1, the X-axis is taken in the direction of the major radius
and Z-axis is in the toroidal direction. We assume that the slab is
homogeneous in y- and z-directions.

The model distributions of the magnetic field, density and

temperatures are chosen as

Bz(x) = Bo/[1+x/R], (1)
(njor njs)(1—x2/a;)+ Nig for |x| s ag

nj{x) = (2)
njsexp{-[|x]—as]/An} for ay  s|x|sa

and

(Tjo—TjS)(1—x2/a;) + Tjs for. | x| % a

Tj(x) = (3)
Tjsexp{-[|x|—as]/AT} for a_ < |x| s a;

where R is the major radius, as is the separatrix radius, a, is the limiter

L
radius, and the suffix j stands for the particle species. An and AT are
the fall-off length of density and temperature in the SoL plasma.

The Maxwell equation of the wave is written in the form as

g - > >
vxVx B + [1/¢%] [o /5t2] B = M, 3/3t(§ 33‘ + 3 0) ()



where ﬁ is the electric field of the wave, }j is the oscillating current

g

carried by the j-species of the plasma and jext is the current on the
antenna and wall. The explicit form of the rf conductivity, which is
derived based on the kinetic theory, is shown in Refs. [3,&] and is not
repeated here. The kinetic processes which are taken into account are: the
finite gyroradius effect up to the second order, the fundamental and second
harmonic cyclotron resonances, the Landau damping as well as the transit

time magnetic pumping.

The boundary condition is given as

“1 Ef \/ mz 1
zZ
= = 3 k; - — - imuo o, at x = + b (5)

on the wall, where ' denotes d/dx and B is the conductivity of the wall

material. The antenna is simulated to be a current carrying ribbon (with
zero thickness), which has an arec length LA and width in the toroidal

direction LT. The rf current on the antenna is in the y-direction and is

given as

> i(kgz=wt) _ 6
AfBat) = Ez Jy(k,) 8 (x-d)e § (6)

Sy

for the low-field side excitation. x = d indicates the radial location of

the antenna. To simulate the width of the antenna, we simply choose

JA(Z) « exp{—uzz/LzT} : (7)




We first Fourier decompose eq. (4) and solve E(x,kz,m). Then the wave form
on the equatorial plane E (x,z, w) is obtained by the Fourier

recomposition. The center of the antenna coincides with z = 0.

The absorbed power is calculated in two ways. Firstly, the power

absorption to each species through the kz-th component is given by
2] . & T \ Flx-.
Py kz) <Jj(x.kz) E(x.kz)> (8)

J

where the symbol < > denotes the phase average. Integrating in the x-

direction, the power to j-th species by the kz-th component is given as

P & (

Pj(kz) J Pj(x,kz)dx (9)
The total power ﬁ(kz) is given as

P(kz) =% P, {j=-e,i,w (10)
where j=w means the absorption on the wall. This quantity indicates how
large a power is absorbed for given J(kz) and is a good measure to show
the accessibility of the wave. The total absorption to the j-th species is
defined as

5 . & ’
B, X Pj(kz) (11)

and the total absorption is similarly given as

Z




The second way is to calculate the power deposition profile on the

equétorial plane as
Pi(x,2) = <3j (xyz) "+ Elx,z)> (13)

The power deposition to j-th species by the global wave is given by

integrating Pj(x,z) as
P(x).= f P, (x,2)dz (14)

The total absorption profile, P., is defined as

t’

P.(x) = £, P.(x) (15)

This representation gives the spatial profile of the power absorption. The

integral of ﬁt(x) in the x-direction agrees with ;t'

A~

The loading impedance Z = R-iX is defined by

[sah}
I

3>

=

(16)
on the antenna (I = Jj dz). The loading resistance satisfies the relation
P, = 4/2RL;2 ° (17)

i.e., the energy conservation relation.




The method of the solution and accuracy of the solution are discussed
in Refs. [3,4]. In the following calculation, we choose TA =1 A unless

specified to a particular value.

8 3 Study on Minority Heating

The typical parameters are tabulated in the Table I. We study the case
of majority deuteron and minority proton. The applied frequency is very
close to the cyclotron frequency of protons at the plama center. For the
plasma parameters, we choose the two reference cases given in Table II. The
case A with the lower density and temperature simulates the target plasma
of Ohmic discharge. The case B (higher density and temperature) is a model
of the additionally heated plasma.

Figure 2 illustrates the power absorption spectrum ﬁ(kz) for case A
with nH/ne = 0.05. One notices a sequence of peaks which corresponds to the |
cavity mode. One general trend is that, at high parallel wave number, ﬁ(kz)
decay is quick. This is due to the evanescent region between the antenna
and cut-off surface near the edge. One rough estimation of the accessible

range is given as /6/ |k | <k,  where

2 2 1/3
mpD(O) QD n'e(as)l (55
I'(zc i
2 2_p2
c w QD ne(O)

In this low-temperature plasma case, the total loading resistance is given

as R= 19 Q/m. The power partition is as Pe - ﬁD - ﬁH = 0.05 : 0.1 : 0.85




The power deposition profile is given in Fig. 3 for this case. The
deposition profile is peaked near the cyclotron resonance surface. As small
amount of damping is seen in the peripheral region. This is due to the
collisional absorption of the Bernstein wave.

When the density gnd temperature of the target plama increases, the
wave coupling depends on the parameters more smoothly because of the
improved absorption. Figure 4 illustrates the absorption spectrum for case
B (model of additionally heated plasma). The ratio of the minority
concentration is the same, nH/ne = 0.05. We see that the damping of the
wave ié strong and that the cavity resonances disappear. Figure 5 shows the
wave structure for this case. The Ey component of the wave on the z = 0
plane is shown in Fig. 5(a). The wave is excited at the antenna and
propagates to the plasma. Because of the good absorption, small amount of
the wave tunnels to the high-field side. The standing wave component in the
low-field side is also small. Figure 5(b) shows the power deposition
profile. The contribution of deuterons becomes large because of the high
temperature; the half width of the ion absorption profile also becomes
wider. Direct absorption of the fast wave by electrons through Landau
damping occurs. As compared to case A, we see that 1) the power deposition
becomes wider and that 2) power partition changes:

ﬁet : Ppo ot Py = 0.29 5 0.28 : 0.43.
The wave form in vacuum is also shown in Fig. 5(e¢). The Ey component on the
x = d plane (where the antenna is located) shows that the wave field is
localized within + w/12 in toroidal direction.

One concern is the effect of the density fall-off length. Associated

with the H/L transition, the density fall-off length in the SoL changes

rapidly. To study this effect we calculate R for various values of An. The
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value of AT is chosen to be equal to A . Figure 6 shows the result.
Because the loading resistance is high due to the setting of the antenna
close to the plasma, the change of An affects E strongly. As An becomes
larger, the cut-off surface comes closer to the antenna. The change of An
is more effective for the case B.

We finally see how the antenna width controls the loading impedance.

~ ~

The figure 7 iliustrates R and X as a function of LT. If the antenna width

becomes narrow such as to satisfy LT kzc £ w, the loading resistance

-~

saturates. For larger values of L R scales as 1/LT. Because the large

T,

value of R and small value of x are favourable, the range of 0.15 ¢ LT £

0.2 m is optimum for a single antenna width.
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8 4 The Second Harmonic Cyclotron Resonance Heating

The other fast wave heating scheme is the second harmonic cyclotron
resonance heating. We study a case of with a pure hydrogen plasma and
choose w/2m = 80 MHz.

The absorption of the ICRF wave through the second cyclotron resonance
is weak compared to the fundamental resonance in the minority scheme. Due
to the weak damping, the cavity resonance effect becomes more prominent.
Figure 8 illustrates the spectrum of the absorbed power for the case A. A
train of sharp peaks appears. The half width of each peak is much sharper
than that in Fig. 2. If the plasma pressure becomes high, the wave
absorption is improved. The absorption spectrum ﬁ(kz) is shown in Fig. 9
for the case B. The shape of ﬁ(kz) become smooth as in the case of Fig. 4.
The dotted line indicates the contribution of the electrons. In this case,

P, s Py =0.19 : 0.81 and about 20 % is absorbed by electrons directly. The
total loading resistance is about 23 Q/m. Compared to the low frequency
case, the impedance becomes approximately twice as large.

One example of the power absorption profile is given in Fig. 10. ﬁH
(solid line), ﬁe (dashed 1line) and--fsxdz (dashed-dotted line : Poynting
flux) are shown. The resonance absorption by the protons gives a sharp
profile, while the absorption by the electrons takes place in the wide
region of the plasma radius. The wave structure in the vacuum is shown in
Fig. 11. The Ey component on the x=d plane is shown. The wave is localized
in the toroidal direction due to the good coupling. As is shown by Eq.

(18), the higher kz modes are in cut-off. One evaluation of the width of

the wave envelope in the toroidal direction is given by 2n/kzc.
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Figure 12 shows the effect of the density fall-off length. R and

~

Pet are shown. As in the case of the minority heating scheme R becomes
small if one reduces An' Parameters are those of the case B. If one
increases An’ then the cut-off surface approches to the limiter radius. If
the density at x = qL becomes high enough then the cut-off surface does not
move associated with the increment of An. It is also noted that the
relative contribution of ﬁet to Bt becomes larger for the larger values of
ln. This is because the increment of An improves the accessibility of the
larger kz modes which are more easily absorbed by electrons. For the case
of a high temperature target plasma, the condition 2Kk, v 2 w is satisfied
at the plasma center for the components of k,R 2 14, Figure 13 shows the
power absorption spectrum for the cases of An = 0.5, 1.5, 3 cm. As the
density fall-off length becomes larger, the absorption of the higher—kz
components are improved.

Before closing this section, we briefly discuss the effect of the
control of the phase between two antennae. We consider a pair of two
antennae (LT = 15 em for each and the interval between them is 15 cm). As
is seen from Fig. 11, the wave localization length in the toroidal
direction is longer than the distance between the two antenna, so inter-
ference between two antennae is expected, and the loading is controlled by
the phasing. The distribution of the current on each antenna is chosen to
be the same as Eq. (7) (translated in the z-direction). We study the in-
phase case (IA = 1 A for the both antenna) and the out-phase case (IA =1A
in one antenna and IA = =1A in the other antenna). The loading resistance

(per unit length) of each antenna R is defined as

R =P (19)
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following eq. (18). In the absence of the interference, ﬁ reduces to the
valﬁe of ﬁhe single antenna.

By choosing the phasing, we can shift the peak of the spectrum of the
excited wave. In the case of the out-phase, peak of JA(kz) is located
around kZR = 1184 SIf ﬁt(kz)/Ji(kz) has a peak not at kR 2% 0, then the out
of phase case can have a larger loading resistance. In Fig. 12, we show the
case of the in-phase and out-of phase. As is understood from Fig. 13, the
out-of phase increases the loading, while the loading resistance reduces
in the in-phase case. It is noted that the ln dependence of R is weak in
the in-phase case. This would be advantageous to keep a stable loading in

the case of the L/H transition.
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§ 5 Summary

In this article, we study the ICRF wave excitation/propagation in the
ASDEX-Upgrade tokamak. Based on the global wave calculation, the
accessibility condition, antenna loading, power deposition and partition of
the direct power absorption are obtained.

The wave coupling is good if the antenna location is as close to the
plasma as is shown in Table I. The choice of the antenna parameter, such as
the width, is in the range of the optimum condition from the view point of
the coupling.

The study on the effect of the density fall-off length shows that the
antenna loading is sensitive to An‘ In the absence of the SoL plasma, §
may be reduced to 70 % of that in the case of An = 2 cm. This lower bound
of the loading resistance seems high enough for the high power injection of
the MW level. From this point of view, the control of the phasing between
two antennae is of importance for experimental flexibility. By choosing a

proper phasing, the sudden change of R associated with L/H transition can

be reduced.
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Main magnetic field
Major radius

Minor radius
limiter radius
Antenna radius

Wall radius

Antenna arc length
Antenna width

Applied frequency

Density fall-off length

Temperatur fall-off length
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Table I
B =2.7 1§
R=1.65 m
a_ = 0.5 m (separatrix)
a = 0.53 m

d = 0.55 m (low field side)

b =0.65 m
LA a ] Aem
LT = 0.14 m

w/2m = 40 MHz (two-ion hybrid resonance
heating)
= 80 MHz (second cyclotron resonance
heating)
A =0.02m

A = 0.02 m.
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Table II

case A
1020 73
3 x 1019 m_3
1 keV

1 keV

50 eV

50 eV

5 % (two ion hybrid

resonance)

100 % (pure second

harmonics)

case B

2 X 1020 m-3
5x 102 m 3
5 keV

5 keV

0.1 keV

0.1 keV

5%

100 %



Fig. 1
Fig. 2
Fig. 3
Fig. 4
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Figure Captions

Illustration of the model geometry.

Spectrum of the coupled power vs kZR for the minority heating.

20 19 3

Parameters are: ne(o) = 10" /m?, ne(as) =3 x 10 m?,

Teo = Tio = 1 keV, TeS = Tis = 50 eV, nH/ne w5:%,
An = AT = 2 cm, w/27 = 40 MHz. Other parameters are the same as
in Table I. Partition between e, D and H are: P :P.: P, =

t D" 'H
0.048 : 0.104 : 0.848.

Power deposition profile for the case of Fig. 2. Solid line shows
E(x) and the dashed line indicates the Poynting flux, -

ISx(x,z)dz. Small dip on ;tot at x = 0.1 a is due to the node of
the wave. Peripheral damping is due to collisional absorption of

the Bernstein wave by electrons.

Power absorption spectrum for the case of minority heating on a

2073 1 -1 =5

hot and dense target plasma. n (0) = 2 x 10
e eo io

keV, ng = 10%° ™3 and T, = 0.1 keV. Other parameters are the

same as in Fig. 2. The dotted-dashed line, the dotted line, and

broken line indicate PH’ ﬁD' Pe’ respectively. Also illustrated

is the relative amplitude of ji(kz)'



Fig. 5

Fig. 6

Fig. 7

Fig. 8
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Wave form and power deposition in the case of Fig. 4. The E
component on z=0 plane, the power deposition profiles ;(x) (for
H, D and e) are shown as functions of x in (a) and (b). Part (c)
shows the Ey component on the x=d plane. The wave in the vacuum
is localized within + w/8 in toroidal angle near the antenna.
Due to the strong damping, the wave form is close to the plane
wave, with small cavity formation. The corrugations on ; indicate

the existence of a small amount of reflected wave component.

Dependence of the loading resistance on the fall—off length of
the scrape-off plasma. Dashed line is a low-density case (Fig. 2)
and solid line is a case of high density (Fig. 5). In the case of
low edge density ns, the effect of An seems weak. We here notice
that this weak dependence is due to the presence of the cavity
eigenmode, the Q-value of which is over estimated in the one-
dimensional approximation: the reduction of ﬁ for smaller value

of An may be underestimated by the 1D model in the case of low

edge density.

Dependence of the antenna impedance on the antenna width.

Parameters are chosen as those in Fig. 2.

Power absorption spectrum in the case of the second cyclotron

heating of pure hydrogen plasma. w/27 = 80 MHz, nH DY, and

other parameters are the same as those in Fig. 2.



Fig. 9
Fig. 10
Fig. 11
Fig. 12
Fig. 13
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Power absorption spectrum for the case of the high density and
high temperature target plasma (second cyclotron heating of H-
plasma). Plasma parameters are the same as in Fig. 4, eioept

nH #ing in this case. w/2m = 80 MHz. The partition of the power

absorption in Pe : PH = 0.19 : 0.81.

Power deposition profile for the case of Fig. 9.

The electric field on the plane x = d. The fast wave component is
localized in the vicinity of the antenna within the toroidal

angle of + w/12.

Dependence of the loading resistance on An for the second
cyclotron resonance heating (solid line). The dotted line
indicate the power absorbed by electrons. Other parameters are
the same as in Fig. 9. The dashed line and dotted-dashed line are
for the case of in-phase (0,0) and out-phase (0,w) operation of
a pair of two antennae (loading resistance of each antenna is
shown). By controlling the phase, one can either enhance the

resistance or reduce the An dependence of R.

The spectrum of the absorption profile for various values of An
(An = 0.5, 1.5, 3 cm). As A, increases, the accessibility of the
modes with larger kz is improved. As a result of it, the electron

absorption increases. Other parameters are the same as in Fig. 9.
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Fig. 1

Illustration of the model geometry.
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Wave form and power deposition in the case of Fig. 4. The
component on z=0 plane, the power deposition profiles P(x) (for
H, D and e) are shown as functions of x in (a) and (b). Part (c)

shows the E_ component on the x=d plane. The wave in the vacuum

is localized within * n/8 in toroidal angle near the antenna.

Due to the strong damping, the wave form is close to the plane

~

wave, with small cavity formation. The corrugations on P indicate

the existence of a small amount of reflected wave component.
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Fig. 6 Dependence of the loading resistance on the fall-off length of

the scrape-off plasma. Dashed line is a low-density case (Fig. 2)
and solid line is a case of high density (Fig. 5). In the case of
low edge density ns. the effect of An seems weak. We here notice
that this weak dependence is due to the presence of the cavity
eigenmode, the Q-value of which is over estimated in the one-
dimensional approximation: the reduction of ﬁ for smaller value
.of An may be underestimated by the }D model in the case of low

edge density.
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Power deposition profile for the case of Fig. 9.
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The electric field on the plane x = d. The fast wave component is
localized in the vicinity of the antenna within the toroidal

angle of + w/12.
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Dependence of the loading resistance on An for the second
cyclotron resonance heating (solid line). The dotted line
indicate the power absorbed by electrons. Other parameters are
the same as in Fig. 9. The dashed line and dotted-dashed line are
for the case of in-phase (0,0) and out-phase (0,w) operation of
a pair of two antennae (loading resistance of each antenna is
shown). By controlling the phase, one can either enhance the

resistance or reduce the kn dependence of R.
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The spectrum of the absorption profile for various values of ln
(Xn = 0.5, 1.5, 3 cm). As A, increases, the accessibility of the
modes with larger kz is improved. As a result of it, the electron

absorption increases. Other parameters are the same as in Fig. 9.
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