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The fast wave current drive performance is studied in detail both for the in-
blanket antenna and the in-port antenna for ITER, using a variety of full wave codes
(Task-W1, Task-WM, etc.). The low frequency scenario (f =20 MHz < fr) with the
in-blanket antennas suffers from the N, upshift because of a weak damping per
pass and an insufficient directivity even with the 18 strap array. The current drive
efficiency can be improved with increasing safety factor at the expense of the damp-
ing per pass. On the other hand, the high frequency scenario (f ~ 60 MHz = 2f)
shows better current drive performance because of a strong damping per pass and
much more narrow current spectrum, in spite of a loss of certain amount of power
to ions (~209%). The in-port antenna with ’tangential access’ is proposed, aiming
at compatibility of high performance on the current drive and easy maintenance. 8
strap array with total toroidal extension of about 3m is possible with reasonable
power injection capability, i.e., a total injection power of 100 MW using 6 ports. The
current drive figure of merit is calculated to be ~02xX10° AW 'm™? by 1-D code or
~0.3 X 10° AW"m™ by 2-D code taking account of realistic ITER plasma equilibrium
in ignition. The current drive efficiency is comparable to that of the in-blanket
antenna using the low frequency scenario. Conceptual drawing of the in-port antenna

which utilizes ridged waveguide supports for central conductors is presented.
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1. Introduction

Physics requirements of the Ton Cyclotron Range of Frequencies (ICRF) Heating and
Current Drive System for ITER were defined at the technical meeting on RF Heating and
Current Drive held in Garching Co-center in October, 1993. On the basis of the requirements,
ICRF heating and current drive scenarios were selected, such as bulk plasma heating via tritium
second harmonic heating, central current drive via electron Landau damping and transit time
magnetic pumping (TTMP), local current profile control via minority ion current drive, etc..
Then a wide frequency range, i.e., 20-70/90 MHz, was recommended to fulfill them. The
frequency range was similar to that of the ITER CDA ICRF design [1]. The lower limit of the
frequency band (20MHz) was determined by the requirement for the current drive, because
such a low frequency can exclude any ion cyclotron resonance layer inside the plasma cross-
section and was believed to give the best current drive efficiency. The upper limit of the
frequency band (90MHz) was determined by the requirement for heating non-reacting plasmas.
Between them, several important frequencies for heating and current drive exist.

According to the choice of the frequency band, an interesting proposal for the antenna
concept, so called 'violin antenna’ [2], was presented from Europe at the meeting mentioned
above. The antenna concept utilizes a half wavelength resonance at 20MHz to give a sufficient
antenna-plasma coupling even at such a low frequency. Higher harmonics can be used for
upper important frequencies for heating and current drive. Although a size of the current strap
should be very large (3m in length) for this purpose, the current strap is mechanically fixed to
the antenna casing at both top and bottom ends and so it can be strong enough against
electromagnetic forces at plasma disruptions. In order to have a sharp N, spectrum for the
current drive, a number of current straps should be arranged in the toroidal direction with equal
spacing. For this purpose, the antennas are installed not only in horizontal ports but also in
blanket segments. Accordingly, the antenna concept is called as 'in-blanket antenna’. Outline
design of the in-blanket antenna was presented by the ITER Joint Central Team (J CT) at the 4th
meeting of the Technical Advisory Committee [3] and at the 15th JAEA Conference in Seville

[4]. It was reported that the current drive figure of merit v is not so high (Y=0. 15~0.3x10°PAW"

1m'z) even with the 18 strap array [3].
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The first half of this report deals with the physics study on the in-blanket antennas,
aiming at optimization of the current drive. Both the low frequency scenario (20MHz) and the
high frequency scenario (~65MHz) are discussed. It is found that the current drive efficiency of
the fow frequency scenario is improved with increasing safety factor, but that the high
frequency scenario has better current drive performance for the 18 strap array.

Recently, the design of the blankets has been changed to consist of poloidally segmented
modules. This implies that the in-blanket antenna concept mentioned above is no longer
applicable. Also maintainability of the antennas has been a matter of primary concern. Thus an
in-port antenna concept, such that an antenna plug can be installed through a horizontal port for
easy maintenance, has come up in stead of the in-blanket antenna. The current drive scenario is
restricted to the high frequency, because the directivity of the in-port antenna with limited
toroidal width is too poor at 20MHz. In CDA, a high-frequency ICRF system that utilizes an
in-port antenna concept was proposed from Japan with emphasis on the maintainability {1,5].
Japan has also a lot of experiences on design, construction and operation of in-port antennas on
JT-60 [6,7] and JT-60U [8-12].

In the latter half of this report, physics study on the in-port antenna is presented. First,
current drive and heating characteristics of the in-port antenna based on the JCT proposal are
evaluated. Then new proposal for the in-port antenna of 'tangential access' is presented for
improving both current drive efficiency and controllability in heating. It is shown that the
current drive efficiency comparable with those of the in-blanket antenna can be obtained with
the in-port antenna of tangential access. Conceptual drawing of the antenna structure which

utilizes ridged waveguide supports for central conductors is presented. Preliminary study on the

antenna-plasma coupling is also made.
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2. Physics Design on Current Drive
2.1 Calculation method

To obtain the driven current by fast waves, we must estimate a wave electric field in a
plasma, which is described by the following equation,

Vx Vx E - QC),—zE E = iop, Je, 2.1-1)

where E is the wave electric field vector, & is the dielectric tensor and Jex is the external
current flow in an antenna current strap. We can solve the wave electric field as a boundary
value problem. Then we estimate the absorbed power by electrons, and therefore the driven
current by multiplying the absorbed power by the current drive efficiency. Here we use the
expression for the current drive efficiency given by D. A. Ehst [13], which is presented as 2
function of the ratio of phase velocity to the electron thermal velocity, the inverse aspect ratio
and the poloidal angle. We use three codes to solve the electric field with different plasma
models, where the parallel wave-particle interaction is described exactly with the plasma
dispersion function and the perpendicular interaction (finite Larmor radius effect) is
approximated with the perpendicular wave number which is calculated from the cold plasma
dispersion. One code is a one-dimensional (1-D) full wave code for a slab plasma [14], in

which inhomogeneous toroidal field is taken account of as the following expression,
Bx) = Bg/(1 + x/Rg), (2.1-2)

where By is the magnetic field strength on the axis and Ry is the major radius. This code has
been combined with a Fokker-Planck code by K. Hamamatsu et al. [15] so that we can estimate
ion tail formation by ICRF heating or calculate ICRF power absorption by high energy ions
generated in fusion reactions.

But this 1-D code may not treat the focusing of the electric field due to the wave
refraction and the change in the poloidal wavelength. Then A. Fukuyama et al. have developed

a two-dimensional (2-D) full wave code for a toroidal plasma in the cylindrical coordinates (R,

R —
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Z, $) [16], and further they have improved it to employ the toroidal coordinates (r, 6, ¢) for a

toroidal plasma with a circular cross section. The magnetic field components are given as
By (r,0) = Bp/(1 + rcosb/Rg) _ (2.1-3)
Bg (r,0) = rBgy(r, 8)/RpqD), (2.1-4)
where the safety factor is assumed to be parabolic
q@® = (q0-4ga) {1 - (r/a)2} + da. (2.1-5)

Here qq is the central safety factor and q is the surface safety factor. In this 2-D code, the
change in parallel wavelength in the poloidal cross section due to the toroidal effect, which
substantially changes the current drive efficiency, is taken into account by the expansion on the
poloidal mode number. So that we expand the wave electric field and the external current in a

Fourier series as

E @ %Em(r) exp[i(m8 + no)l, (2.1-6)

Joi (1) = ZJen (1) expli(mO + n¢)], (2.1-7)

where m is the poloidal mode number and n is the toroidal mode number. Substituting Eqs.
(2.1-6) and (2.1-7) into Eq. (2.1-1), we have a series of differential equations and we solve
them by the difference method or the finite element method. In a cylindrical plasma, the

dielectric tensor is independent of © so that no coupling between the modes with different
poloidal mode number. But we must solve the wave equation for all the poloidal modes

simultaneously for a toroidal plasma.

In the third model, we employ the magnetic surface coordinates (y, ¥, ¢) in order to

describe a toroidal plasma with a non-circular cross section. We can analyze the fast wave

_4_
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propagation and current drive for plasma configurations that are estimated by an equilibrium
code. The data of the magnetic surface W(R, Z) are calculated by the equilibrium code and
transferred to the 2-D code. Then the cylindrical coordinate (R, Z, ) is transformed into the

magnetic surface coordinate (y, ¥, ¢) in the 2-D code in order to calculate the fast wave

propagation.
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2.2 Calculation parameters

Calculation parameters used for estimate of the current drive efficiency are listed in Tables
2.2-1 and 2.2-2, corresponding to CD phase and OH phase, respectively.

In the 1-D code the number of meshes in the x-directton is 400 so that its space resolution
1s fairly sufficient.

In the 2-D code, the number of meshes is 100 in the radial direction and 32 in the poloidal
direction. The poloidal mode number is from -15 to 15 so that the number of polotdal modes is
31 modes. The antenna position in the poloidal direction is from -15° to 15° for an in-port

antenna and from -55° to -8.5° for an in-blanket antenna.

Table 2.2 -1 Calculation parameters for CD conditions

major radius 8 m

minor radius 3m

antenna position 32m

wall position 35m

toroidal field on axis 58IT

central electron temperature 27 keV

central ion temperature 27 keV

temperature profile T(r) = (To-Ts) {1 - @a)2}2 + T
edge temperature 0.3 keV

central electron density 1.4 x 1020 m-3

central deuterium density 0.518 x 1020 m-3

central tritium density 0.518 x 1020 m-3

central helium density 0.14 x 1020 m-3

central beryllium density 0.014 x 1020 m-3

density profile n{r) = (ng-ng) {1 - (r/a)2 }0-15 4+ ng
edge electron density 0.6 x 1020 m-3

effective charge (Zeff) 1.32

central safety factor 1.0

surface safety factor 3.0
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major radius

minor radius
antenna position
wall position
toroidal field on axis

central electron temperature

central ion temperature
temperature profile

edge temperature
central electron density
central deuterium density
central tritium density
central beryllium density
density profile

edge electron density
effective charge (Zegf)
central safety factor
surface safety factor

Table 2.2 -2 Calculation parameters for OH conditions

8.1m

3m

32m

3.5m

574 T

9.25 keV

8.75 keV

T(r) = (To-Ty) {1 - (t/a)* )3 + T
0.3 keV

0.25 x 1020 m-3

0.0829 x 1020 m-3

0.166 x 1020 m-3

0.00125 x 1020 m-3

n(r) = (ng-ng) { 1 - (/2)2}0-15 + ng
0.15 x 1020 m-3

1.46

1.0

3.0
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2.3 Operating frequency

Figure 2.3-1 shows various ion cyclotron resonance positions for ITER plasmas against
frequency for B; = 5.81 T at Rg = 8 m. There is no ion cyclotron resonance below 20 MHz so
that this low frequency range is one of suitable frequency for the fast wave current drive. We
call this current drive scheme as 'the low frequency scenario’. But the single pass power
absorption is predicted to be relatively small in the low frequency range. One of strong on-axis
heating schemes is 45 MHz of the fundamental deuterium resonance. In a frequency range of
30 - 50 MHz the mode conversion from the fast wave to the ion Bernstein wave can occur at
off-axis region so that it is one of possible schemes for the current profile control. The second
harmonic tritium resonance is located near on-axis for a frequency range of 60 MHz. As
discussed in section 2.5, however, this frequency is quite effective for the fast wave current
drive with relatively low parallel refractive index, Ny = 2 - 3 for CD conditions because most of
wave power is absorbed by electrons in calculations by both the 1-D and the 2-D codes. Thus,
this higher frequency range of 60 MHz is favorablg for both the in-port antenna and the in-
blanket antenna. We call this current drive scheme as 'the high frequency scenario'. The
second harmonic deuterium resonance, however, appears at the low field side above 65 MHz,
and it shifts to the magnetic axis at about 90 MHz. The resonance is also the o particle second
harmonic resonance so that the main species of the wave power absorption rapidly changes
from electrons to high energy o particles. As it is the hydrogen fundamental resonance, a
frequency range of 90 MHz is an effective on-axis heating scheme for deuterium plasmas and

hydrogen plasmas (non-reacting plasmas).
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Figure 2.3-1 Ion cyclotron resonance layer position against frequency for ITER. The
toroidal field is assumed to be 5.81T at the plasma center (Rp = 8m).
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2.4 In-blanket antennas
2.4.1 Low frequency scenario
Propagation and absorption of fast waves, and resultant power deposition and driven

current profiles are investigated for the low frequency scenario (f=20MHz <f.7). Then methods
of optimizing the current drive efficiency are pursued. It is found that broadening density

profile and increasing safety factor improve the current drive efficiency significantly.

Calculation model

Here, we employ the 2-D full wave code assuming a circular plasma cross-section and a

parabolic profile of the safety factor,

q(r) = Qg - 9p) (1 - (v)°) + ¢, (2.4-1)
The electron density profile is given by

n(r) = (g - Ng) (1 - (1a)2) ™+ ng (2.4-2)

We take q,=5, go=1 and a\=2 as a standard parameter set for CD conditions (see Table 2.2-1)
here.

The trapped electron effect on the current drive efficiency is taken into account by
employing the fitting formula proposed by Ehst et al. [13]. The poloidal angle of the in-blanket

antenna (off-midplane launching) is assumed to be from -55° to -8.5°. We also calculate in
some cases with midplane launéhing for comparison. In this case, the poloidal angle extends
from -23° to 23°. The current drive figure of merit y is defined by ¥ = Top{n)R/Pyc, where I,
is the driven current, {n.) the volume average electron density, R the major radius and Py the
ICRF power. In calculations, number of the radial mesh and poloidal mode numbers are taken

to be 100 and -15 ~ 15 (in total, 31 modes), respectively.

Wave propagation and absorption
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Figures 2.4.1-1~3 show the calculation results for n=5 (toroidal refractive index N,=1.5)

and off-midplane launching. The parallel refractive index N, is given by

N, = (n + m/g) ¢ / (®R) _ (2.4-3)

where ® is the angular frequency. With increasing poloidal mode number, Ny increases and the
electron power absorption becomes stronger. If m is negative, then N, decreases and the
electron power absorption becomes weaker. Near the plasma center (gq~1), no electron
absorption occurs for -9 < m < -3 because of | Ny | < 1. A spatial profile of the wave electric
field (Eg) and its mode distribution are shown in Fig. 2.4.1-1. As the wave absorption is weak
because of low Ny, standing waves are formed due to multi-reflection. It is shown that low N,
components are excited in the peripheral region by the antenna and that N; becomes larger in
propagating toward the central region. A spatial profile of the electron power absorption and its
mode distribution are shown in Fig. 2.4.1-2. It is found that Ny~2 components are absorbed
near the center where the electron temperature is the highest. Radial profiles of the electron
absorption power and the driven current are shown in Fig. 2.4.1-3. The driven current profile
is more peaked than the absorption power profile, because the current drive efficiency is higher
near the center due to higher temperature and less trapped particle effect. An affect of the
standing waves appears even in the radial profile averaged over a magnetic surface. A value of
v is 0.3x102AW-'m2 in this case. We also calculated for the case of midplane launching. A
difference is very small (a few percent in ) between the midplane launching and the off-
midplane Jaunching. We have not yet checked whether it is due to the circular plasma cross-

section adopted here.

Dependence on the toroidal mode number

Figure 2.4.1-4 shows 7y as a function of the toroidal mode number. Y increases with
decreasing n down to n=6 and it is almost constant for n=4 ~ 6. The reason is due to N upshiit

associated with increase in the poloidal mode number m, because the wave absorption is weak.

The N, upshift occurs over a wide range of the minor radius, resulting in broadening of the
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electron power absorption profile. Then the current drive efficiency is degraded by the trapped

electron effect in the outer region.

Improvement of the current drive efficiency

In order to improve the current drive efficiency, Ny upshift should Be avoided. Possible
countermeasure is to increase the safety factor as understood from Eq. (2.4-3). Figure 2.4.1-5
shows 7y as a function of g, with q; fixed at 1. Circles represent a case of =2 and triangles a
case of an=0.15. y increases monotonically with increasing q,. Values of y with ay=0.15 are
about 20% higher than those with ay=2. Thus, higher safety factor and broader density profile
make the current drive efficiency be improved significantly. Figure 2.4.1-6 indicates how 7y

increases with broadening the density profile. Here, the density profile peaking factor Neg/(n)

is given by

Neo _ (1 + aN)ch (2 4 4)
(ne) Neo + aNnn ‘

Although the density profile changes, the power absorption profile changes only slightly. For
example, peak position of the power deposition profile are ~0.5m for oy=2.0 (n,/{n,)=1.62)
and ~0.8m for ax=0.15 (n.o/(n.)=1.08). Therefore v is improved with broadening the density
profile.

v 1s further improved with increasing qg. Figure 2.4.1-7 shows 7 as a function of q with
fixed q,. Circles represent a case of q,=7 and triangles a case of q,=9. The highest value of 7y

(~0.48><1020AW'1m'2) 18 obtained at ¢,=7~9 and qg=2~3 with qy=0.15. The current drive
a o N

efficiency of the low frequency scenario is thus optimized.

Calculation for the optimum condition (high -q)

Figures 2.4.1-8~10 show the calculation results for the optimum conditions {(a,=7,
qg=2.5 and an=0.15) with n=5 (toroidal refractive index N,=1.5) and off-midplane launching.
Because of minimization of N upshift due to high g-value, standing waves are more
prominently formed than those for the standard conditions. The absorbed power and driven

current profiles are more narrower than those for the standard conditions although the electron
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density profile is much broader. The y value is 0.48x10°’AW'm™2, which is about 60% higher
than that for the standard conditions. In this scheme, the current drive efficiency is optimized at
the expense of the single pass absorption. More prominent undulation due to the cavity
resonance is seen in the radial profile of the electron power absorption and the driven current
(Fig. 2.4.1-10). The current drive efficiency takes the maximum when the cavity resonance
appears. The frequency feedback control would be necessary to track the cavity resonance and

to maximize the current drive efficiency [17].

Antenna current spectrum

In the above analyses, the current drive efficiency is evaluated with a single toroidal mode
number. The antenna current spectrum of the 18 strap array of the in-blanket antenna at 20MHz
with a peak position of the main lobe of N,=1.5 is shown in Fig. 2.4.1-11. The spectrum 1S not
sufficiently sharp for the current drive operation at 20MHz, since it extends largely below

N,<1. If the antenna spectrum were taken into account, then reduction of v would be about

25%.
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Fig. 2.4.1-1 Contour plots of the wave electric field (Eg) (a) in the poloidal cross-section and (b)

in a plane defined by the poloidal mode number and the minor radius. 20MHz, n=3,
q,=3, Qp=1, an=2, in-blanket antenna (off-midplane launching) and CD conditions.
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Fig. 2.4.1-2 Contour plots of the electron power absorption (P,) (a) in the poloidal cross-section
and (b) in a plane defined by the poloidal mode number and the minor radius.
20MHz, n=5, q,=5, q¢=1, ax=2, in-blanket antenna (off-midplane launching) and
CD conditions.
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Fig. 2.4.1-3 Radial profiles of (a) the electron power absorption and (b) the driven current.
20MHz, n=5, q,=5, qy=1, ax=2, in-blanket antenna (off-midplane launching) and

CD conditions.
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conditions.



JABERI—Research 95—070

0.45 e

o

o
T
!

v (102°AW 'm"?)
Qo
W
N

1 1

0.3
1 1.2 1.4 1.6 1.8 2

n /<nh >
el e

Fig. 2.4.1-6 The current drive figure of merit, v, as a function of the electron density peaking
factor, n.g/(n,). 20MHz, n=S, q,=5, qy=1, in-blanket antenna (off-midplane

launching), CD conditions.
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Fig. 2.4.1-7 The current drive figure of merit, ¥, as a function of the central safety factor, qg.
20MHz, n=5, an=0.15, in-blanket antenna (off-midplane launching), CD

conditions.
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Fig. 2.4.1-8 Contour plots of the wave electric field (Eg) (a) in the poloidal cross-section and (b)

in a plane defined by the poloidal mode number and the minor radius. 20MHz, n=3,
4,=7, 9o=2.5, 0x=0.15, in-blanket antenna (off-midplane launching) and CD

conditions.
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Fig. 2.4.1-9 Contour plots of the electron power absorption (P,) (a) in the poloidal cross-section

and (b) in a plane defined by the poloidal mode number and the minor radius.
20MHz, n=5, q,=7, qy=2.5, ay=0.15, in-blanket antenna (off-midplane launching)

and CD conditions.
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Fig. 2.4.1-10 Radial profiles of (a) the electron power absorption and (b) the driven current.
20MHz, n=5, q,=7, qu=2.5, an=0.15, in-blanket antenna (off-midplane launching)

and CD conditions.
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Fig. 2.4.1-11 Antenna current spectrum against the toroidal refractive index, N,, for in-blanket
antenna (18 straps) at 20MHz. Interval between adjacent straps=0.5m, width of
current straps=0.26m, phase difference between adjacent straps=18°.
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2.4.2 High frequency scenario

The high frequency scenario is such that the frequency is chosen to be slightly higher than
the tritium second harmonic resonance frequency on axis and that fast waves launched uni-
directionally are absorbed by electrons via TTMP/ELD as much as possible to drive a net
current before they reach the tritium second harmonic resonance layer. Therefore, choice of the
frequency and the toroidal refractive index is important to maximize the electron power
absorption and the current driv.e efficiency. It is found that choice of the safety factor is not

important for this scenario in contrast to the low frequency scenario.

Wave propagation and absorption

Analyses are done with the two—dirﬁcnsional full wave code assuming a circular plasma
cross-section similarly for the low frequency scenario but including fusion « particles,
background “He and beryllium (6 species in total). For fusion o particles, we assume 1%
density ratio to electrons and 2MeV central temperature with the same density and temperature
profiles as those of other species. Figures 2.4.2-1~3 show the calculation results for 65MHz,
n=27 (toroidal refractive index N,=2.5), off-midplane launching and CD parameters (see Table
2.2-1). The standard values of the safety factor and the density profile index are taken to be
q.=5, qo=1 and oy=2. Because of a strong damping, the wave fields are nicely converged near
the center as indicated in Fig. 2.4.2-1 (a) . Associated with this convergence, the poloidal mode
number increases to a large number near the center as indicated in Fig. 2.4.2-1 (b). The parallel
refractive index Ny is then enhanced near the center and the electron power absorption and the
current density profile are highly centrally peaked (Fig. 2.4.2-2, Fig. 2.4.2-3). Note that the
power deposition and current density profiles are much more centrally peaked in this scenario
than those in the low frequency scenario (see Fig. 2.4. 1—3)'. This peaking effect is favourable

for improving the current drive efficiency because of less trapped electrons near the center.

Dependence on the frequency
Dependence of the power partition and the current drive figure of merit on the frequency

is shown in Fig. 2.4.2-4. The toroidal mode number is set to be 27. The optimum frequency
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band for the current drive is found to be 62.5MHz - 65MHz. The triton absorption starts to

increase with decreasing frequency below 62.5MHz, while deuteron/a absorption increases

rapidly with increasing frequency above 65MHz.

Dependence on the toroidal mode number

Figure 2.4.2-5 shows dependence on the toroidal mode number. The frequency is set to
be 65MHz and other parameter are the same as in Fig. 2.4.2-4 but on=0.15. The optimum
toroidal mode number is found to be around 20~27. Namely, the optimum value of N, is

around 2~2.5. Below n=20 (N,=2), the triton absorption quickly increases.

Dependence on the safety factor

Values of yonly slightly increase with increasing safety factor as indicated in Fig. 2.4.2-6
in contrast to the low frequency scenario. This can be explained with the strong focusing of the
wave field near the center as mentioned above. The trapped particle effect is not important near
the center. Hence, the current drive efficiency 1s not degraded even if the poloidal mode number
increases rapidly near the center. Therefore, suppression of N upshift via increase in the safety

factor is not meaningful to improve the current drive efficiency in the high frequency scenario.

Dependence on the density profile

On the contrary, dependence on the density profile is rather stronger in the high frequency
scenario than in the low frequency scenario. Figure 2.4.2-7 shows v as a function of the
density profile peaking factor, n.p/n,). A value of y increases by about 30% if oy (ne/(ng)) is
decreased from 2 (1.62) to 0.15 (1.08). The power deposition and the driven current profiles

for oy=0.15 are shown in Fig. 2.4.2-8. One can see that these profiles aimost coincide with
those of the case of any=2 (Fig. 2.4.2-3). On the other hand, some differences are found

between them in the low frequency scenario as described in Sec. 2.4.1. That is the reason why

¥ 1s improved more largely for the high frequency scenario compared with the low frequency

scenario.



JAERI—Research 95—-070

Calculation for the high-q condition

Figures 2.4.2-9~11 show the calculation results for the high-q conditions (q,=7, q¢=2.5
and ay=0.15) with 65MHz, n=27 (toroidal refractive index N,=2.5) and off-midplane
launching. Although the safety factor and the density profile index are very different from the
standard conditions (Fig. 2.4.2-1~3), the wave propagation and the power absorption are quite
similar. Very peaked current density profile can be predicted. The y value is 0.44x10%°AW Im

2 while it is 0.32x102°AW'm™? for the standard case. The difference is mainly due to the

density profile.

Antenna current spectrum

In these analyses, the current drive efficiency is evaluated with a single toroidal mode
number. The antenna current spectrum for the 18 strap array of the in-blanket antenna is
sufficiently sharp for the current drive operation at around 65MHz as shown in Fig. 2.4.2-12.

Even if the antenna spectrum were taken into account, reduction of y would be about 7%.

Comparison with the low frequency scenario

Including the antenna spectrum, the high frequency scenario is rather superior to the low
frequency scenario in view of the current drive efficiency. Some other additional merits on the
current drive are (1) weak dependence on the safety factor (in other words, the current drive
efficiency is high even for low-q discharges), and (2) stable antenna loading because of the
strong damping per pass. It is also favourable for quick switching from or to the central ion
heating via triton second harmonic resonance, of which optimum conditions would be N, = 1
and the frequency =~ 60MHz. In this condition, 75% of the total power is absorbed by tritons

near the center.
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Fig. 2.4.2-1 Contour plots of the wave electric field (Eg) (a) in the poloidal cross-section and (b)

in a plane defined by the poloidal mode number and the minor radius. 65MHz,
n=27, q,=5, gg=1, ay=2, in-blanket antenna (off-midplane launching) and CD

conditions.
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Fig. 2.4.2-2 Contour plots of the electron power absorption (P¢) () in the poloidal cross-section

and (b) in a plane defined by the poloidal mode number and the minor radiu.s.
65MHz, n=27, q,=5, qo=1, 0y=2, in-blanket antenna (off-midplane launching) and

CD conditions.
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Fig. 2.4.2-8 Radial profiles of (a) the electron and ion power absorption and (b) the driven
current. 65MHz, n=27, q,=5, qp=1, on=0.15, in-blanket antenna (off-midplane

launching) and CD conditions.
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Fig. 2.4.2-9 Contour plots of the wave electric field (Eg) (a) in the poloidal cross-section and (b)

in a plane defined by the poloidal mode number and the minor radius. 65MHz, n=27,
Q.=7, qp=2.5, o=0.135, in-blanket antenna (off-midplane launching) and CD

conditions.
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Fig. 2.4.2-10 Contour plots of the electron power absorption (P,) (a) in the poloidal cross-section

and (b) in a plane defined by the poloidal mode number and the minor radius.
65MHz, n=27, q,=7, q¢=2.5, an=0.15, in-blanket antenna (off-midplane launching)

and CD conditions.
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Fig. 2.4.2-11 Radial profiles of (a) the electron and ion power absorption and (b) the driven
current. 65MHz, n=27, q,=7, g4=2.5, on=0.15, in-blanket antenna (off-midplane

launching) and CD conditions.
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Fig. 2.4.2-12 Antenna current spectrum against the toroidal refractive index, N, for in-blanket
" antenna (18 straps) at 65MHz. Interval between adjacent straps=0.5m, width of
current straps=0.26m, phase difference between adjacent straps=97.5".
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2.4.3 Summary

(D

)

3)

For the low frequency scenario (20MHz, f<f,t), the current drive figure of merit (y) is
significantly improved with highér safct"y. factor'ahd with broader density profile. The
highest value of ¥, 0.48x102AW-m 2 is obtained for 4,=7, 4p=2.5 and oy=0.15 with
circular plasma cross-section, while yis 0.3><1020AW'.1m'2 for q,=5, qg=1 and ay=2.
However, the antenna current spectrum with 18 strap array is not sufficiently sharp at

20MHez. ¥ would decrease by 25% if the antenna spectrum were taken into account.

For the high frequency scenario (~65MHz, f22f 1), values of Y comparable with the low
frequency scenario are obtained with a proper choice of the fréquency and the toroidal
refractive index. The optimum frequency and toroidal refractive index are
62.5MHz~65MHz and 2~2.5, respectively. The driven current profile is more centrally
peaked than that for the low frequency scenario. The dependence Von the safety factor is
much weaker but that on the density profile is rather stronger than those of the low
frequency scenario, because of less trapped particle effects due to better single pass
absorption. The highest value of v, 0.44><1020A\.N'1m'2 is obtained for q,=7, qg=2.5 and
on=0.15 with circular plasma cross-section, while 7y is 0.32x102°AW"'m? for q,=5,
go=1 and an=2. The antenna current spectrurn with the 18 strap array is sufficiently

sharp at 65MHz. y would be decreased only about 7% if the antenna spectrum were taken

into account.

The high frequency scenario has better current drive performance with the 18 strap array
in view of the current drive efficiency and the weak dependence on the safety factor
(almost equal efficiency from low-q to high-q (high Bp scenario) as well as the stable
antenna loading. Itis also favourable for quick switching between the current drive mode

and the central ion heating mode.
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2.5 In-port Antennas
2.5.1 Optimum frequency for FWCD

The high frequency scenario is considered to be a main current drive scheme for the in-
port antenna, since the antenna length is too short for the low frequency scenario. In addition,
the diréctiirity is too bad for 20MHz operation with the in-port antenna, of which toroidal width
is much more narrow than that of the in-blanket antenna. As discussed in Sec. 2.3, the
optimum frequency for the current drive with the high frequency scenario is around 60MHz,
where 2w, resonance is near on axis. Above 65MHz, the current drive efﬁciencsf would be
degraded significantly because of increase in power absorption by deuteron and helium 4 at low
field side edge. One should note that the antenna current spectrum of the in-port antenna is
much broader than that of the in-blanket anténna and that the in-pbrt antenna is assumed to be a
midplane launching, while the in-blanket antenna is assumed to be an off-midplane launching.
Then the antenna spéctrum should be taken into account for evaluation of the current drive
performance, and the ion edge resonance becomes important from somewhat lower frequency.

The power partition among species and the current drive figure of merit are calculated by
the 1-D full wave code with full antenna spectrum for the CD conditions (see Table 2.2—1) over
a frequency range of 55-70MHz. The results are shown in Fig. 2.5.1-1 and Fig. 2.5.1-2. The
former is obtained for 4 strap antenna with interval between adjacent current straps W =0.23m.
The latter is obtained for 8 strap antenna with W4=0.35m, which will be found to be the most
suitable antenna configuration for the in-port antenna later. A value of N, corresponding toa
peak of the current spectrum (N,°) is 2.5 in both cases. The electron absorption ratio is
maximized at frequency around 57.5-60MHz, which is somewhat lower than the optimum
frequency band for the in-blanket antenna (62.5MHz - 65MHz). This implies that the midplane
launching is a little bit disadvantageous for the current drive in a sense that the tritium resonance
should be placed close to the center. The electron power absorption is reduced below 57.5MHz
and above 62.5MHz by, respectively, enhancement of the tritium absorption | and that of the
deuterium and helium 4 absorption. The Be absorption ratio becomes appreciable from
57.5MHz and takes the maximum value (~24%) at 62.5MHz. Then, the current drive efficiency

takes the maximum value at f=60+2.5MHz for both in-port antenna configurations.
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4 strap antenna, W =0.23m, Nz°=2.5
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Fig. 2.5.1-1 Power partition and current drive figure of merit as a function of frequency. In-
port antenna (number of current straps=4, W;=0.23m), N,°=2.5,CD

conditions.
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8 strap antenna, Wd=0.35m, Nz°=2.5
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Fig. 2.5.1-2 Power partition and current drive figure of merit as a function of frequency. In-
port antenna (number of current straps=8, W4=0.23m), N,*=2.5, CD

conditions.
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2.5.2 Antenna configuration
2.5.2.1 Perpendicular access

First, we investigate optimum antenna configuration within framework of the JCT
proposal. Namely we assume that an antenna plug is installed in a horizontal port of which
direction is perpendicular to the toroidal direction and that an antenna box width (W) is 0.95m.
For antenna locations and phases given by zj=(j;1)Wd and ¢;=(j-1)A¢ and for constant antenna

current densities, i.e. J;(z)=Jg, the antenna current spectrum is given in Ref. [18] by

sin (k, W) J
k, i

I - cos Na(Ad - k,Wy)
1-cos (Ap -k, Wy)

(2.5-1)

(k)] = 2T

Here A¢, N, and W, represent a phase difference between adjacent current straps, number of
current straps and a half width of each current strap, respectively. The dominant spectrum peak

and its width are estimated to be

A¢ - 2mm
Ky = —— """ for m=0, +1, +2,... (2.5-2)
prm wd
-_4n | 2.5-3
Ak, N ( )

The value at the spectrum peak, J(k, )l decreases with increasing Iml, according to the factor
Isin(k, , W,) / ky, ! in Eq. (2.5-1). Equations (2.5-2) and (2.5-3) indicate that the directivity
becomes better with decreasing W (increasing number of current straps for fixed total antenna
box width) but that the spectrum width does not change even with increasing number of current
straps, since N, W is constant.

Figure 2.5.2-1 shows v as a function of number of current straps in the toroidal direction,
where frequency and N, are 60MHz and 4.5, respectively. Here W is 0.4m for 2 strap
antenna, 0.23m for 4 strap antenna, 0.153m for 6 strap antenna and 0.115m for 8 strap
antenna. The current drive efficiency is saturated at y~0.14x1 02°AW-'m™? even if number of

current strap is increased above 4. The increase in Y from N =2 to N,=4 is due to improvement
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in the directivity. Figures 2.5.2-2 (a) and (b} compare the absorbed power and the driven
current as a function of k, between N =2 (a) and N =4 (b). For the case of N,=2, larger
negative current is produced due to poor directivity. The current drive efficiency is no longer
determined by the directivity from N,=4 to Ny=8. The saturation of y is due to constant current
spectrum width as indicated in Eq. (2.5-3). Thus, 4 strap array may be the best choice in the
framework of the JCT proposal, considering power handling capability. However, W is only
0.23m even in this case.

Furthermore, a value of N,© giving the highest v is about 4.5, as indicated in Fig. 2.5.2-
3, which is apparently far from the optimum condition for FWCD in ITER. Figures 2.5.2-2 (b)
and (¢) compare the absorbed power and the driven current as a function of k, between N,°=4.5
(b) and N,°=2.5 (c) for the case of N,=4. The ion absorption at low-k, (mainly by tritium and
beryllium) is apparently larger for N,°=2.5 case. The ion absorption ratio is ~0.35 for N,°=4.5
and ~0.65 for N,°=2.5. On the other hand, the maximum current density is generated at similar
k, value in both cases. This implies that the choice of higher N,° value for better current drive
efficiency is only to reduce ion absorption at low k,. However, the antenna loading becomes

reduced with increasing N,°.This unfavourable situation is due to relatively wide spectrum

width, which is determined by a toroidal extension of the antenna array.
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Fig. 2.5.2-1 Current drive figure of merit ¥ (10°°AW'm™?) as a function of number of current

straps in the toroidal direction. CD conditions.
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(2) No=2 and N,°=4.5, y=0.089x10%AW'm™

k, (m™)
Fig. 2.5.2-2
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k, (m™)

k,-spectra of absorbed power (left) and driven current (right). 60MHz, CD
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4 straps, 60MHz
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Fig. 2.5.2-3 Current drive figure of merit v (102°AWm™) as a function of N, CD

conditions.
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2.5.2.2 Tangential access

Combination of adjacent tangential ports, whose directions are opposite each other,
enables about 3m of toroidal width (W,) of an antenna array. Figure 2.5.2.2-1 shows a concept
of the in-port antenna installed in a pair of tangential ports. The two antenna plugs contact near
the first wall to form a wide antenna array in the toroidal direction. 8 strap antenna is possible
with a reasonable antenna element width (W4=0.35m). The port width is taken as wide as
possible without outside shields for the toroidal field coils. Separate shield blocks (shaded
region in Fig. 2.5.2.2-1) are installed inside a port after installation of the antenna plug to
ensure necessary shielding for the coils. Detailed description of the conceptual antenna structure
is given in Sec. 2.5.6.

The current drive efficiency is calculated for this configuration and we obtain
¥=0.19x102°AW'm™? at N,°=2.5 as shown in Fig. 2.5.2.2-2. The absorbed power spectrum
and the driven current spectrum at N,°=2.5 are shown in Fig. 2.5.2.2-3. The ion power
absorption at low k, is very small due to relatively narrow spectrum width. The value of N,°
(=2.5) giving the highest current drive efficiency agrees with the single wave N, value giving
the highest current drive efficiency in this FWCD scenario. The fact indicates that the antenna
current spectrum obtained by the 8 strap antenna with the tangential access is close to an ideal

one.

Controllability of power partition between tritons and electrons is also much better for the
8 strap antenna than the 2 strap antenna as indicated in Fig. 2.5.2.2-4. Namely, 75% triton
absorption at N,°=1 or 75% electron absorption at N,°=3.5 is possible in the former case, while
in the latter case, those values are limited at 60% for triton absorption at N,°=1 or 50% for
electron absorption at N,°=3.5. Fraction of the Be absorption via second harmonic resonance

at low field side edge is about 10% and is almost independent of N,
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Fig. 2.5.2.2-1 Concept of the in-port antenna, which is combination of two antenna plugs
installed in a pair of tangential ports to have a wide toroidal extension for better

current drive and heating performance. § strap array is possible.



JAERI— Research 95—070

0'25- L] LI | L] LIS o ! L L] L LI LI | I L] LI T ! L]
- 8 strap antenna, Wa~3m:

L Ll

o
N

ﬁ, ....................... 4strapanten na.......E
W = 6.95m i

/u' il
war

proposed by JCT \

0 TR U AT TErIEE T THS SO T NN T U VAT S S N W (N T S U T AT T W

v (102°AW 'm'?)

Fig. 2.5.2.2-2 Current drive figure of merit y (102°AW'm™) as a function of N,°. CD

conditions.



R

JAERI—Research 95—070

N ,=8 and N,°=2.5, 1=0.188x10°AW'm™
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Fig. 2.5.2.2-3

k,-spectra of absorbed power (left) and driven current (right) for 8 strap
antenna with W,=3m. 60MHz, CD conditions.
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Fig. 2.5.2.2-4 Absorbed power by each species as a function of N,° for (a) 8 strap antenna
with W,=3m and (b) 2 strap andtenna with W,=0.95m. Total absorbed power

is normalized to be unity. 60MHz, CD conditions.
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2.5.3 Current drive in OH conditions

The current drive performance of the 8 strap antenna with tangential access is also
evaluated with OH conditions (see Table 2.2-2). Figure 2.5.3-1 shows the power partition
among species and the current drive figure of merit as a function of N,°. Fraction of the ion
absorption becomes larger even for higher range of N,°. At N,°=4.5, the electron power
absorption ratio is only 40%. The highest current drive efficiency is 0.032x10?°AW ' m™
(driven current =0.83MA with S0MW injection power), which is obtained at N,°=4.5.
However, fbr CD conditions, the optimum value of N,° is 2.5. Therefore, dynamical control of
N, is necessary if current drive is required from the OH phase. If not, the central ion heating
mode automatically shifts over the central current drive mode in a course of a discharge, setting

N,° to be 2.5 at 60MHz.




JAERI—Research 95—070

8 strap antenna, Wd=0.35m
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2.5.4 Effect of triton tail formation

We have also analyzed wave absorption with the one-dimensional full wave code
incorporating a Fokker-Planck code [15] to check the effect of triton tail formation on the power
partition between electrons and ions. The upper part of Fig. 2.5.4-1 shows power partition
among species including triton tail ions as a function of frequency with fixed value of refractive
index N, at 2.5. It is found that the power absorption by triton tail is not so large at 60MHz,
which is the optimum frequency for the current drive, i.e., about 25% of the power absorbed
by thermal tritons. However, the lower part of Fig. 2.5.4-1 indicates that the triton tail
absorption bccorﬁes important for N, below about 2. This is due to relative reduction in power
absorption by thermal tritons for low N, value. The result suggests that the antenna current
spectrum should be as sharp as possible to avoid enhancement of ion absorption due to the

triton tail formation and to maximize the current drive efficiency.
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2.5.5 Two-dimensional calculation

Wave propagation and absorption are calculated by the two-dimensional full wave code
taking the ITER plasma equilibrium into account. The equilibrium of ignition phase is used
here. The central and edge safety factors are 1.0 and 3.7, respectively. A major radius position
of the magnetic axis is 8.53m, where the toroidal field is 5.67T. The temperature and density
profiles are artificially assumed to be the same as given for the CD parameters (see Table 2.2-
1). The density profile of fusion alphas is determined from the density and temperature profiles
of the background plasma. An average energy of the slowing down distribution of o particles is

used as the temperature of o particles (the central value is 1.88MeV). The poloidal angle of the

in-port antenna is assumed to extend from -15° to 15°.

Power deposition and driven current profiles

Figures 2.5.5-1~3 show the calculation results for 60MHz and the toroidal mode number,
n=26 (N,=2.4). The wave ficlds are Strong}y converged toward the magnetic axis (Fig. 2.5.5-
1). The waves are heavily damped near the center by the electron absorption (Fig. 2.5.5-2).
The rest of the wave power is then absorbed by the triton second harmonic resonance, since the
triton resonance layer is located about 0.4m inside from the magnetic axis. Fractions of power
absorption by electrons and tritons to the total absorbed power amount to 83% and 16%,
respectively. Absorption by other ion species is negligibly small (e.g., 0.01% by Be). This
result on the power partition is considerably different from that of the 1-D calculation which is
shown, for example, in Fig. 2.5.1-2. For 1-D case, 62% by electrons, 25% by tritons and 11%
by berylliums. The reason why the triton absorption is reduced in the 2-D calculation is the
outward shift of the magnetic axis as mentioned above. The reason why the Be absorption is
reduced in the 2-D calculation is that the Be cyclotron resonance layer on the low field side
shifts more outside due to the poloidal field. Those effects are not taken into account in the 1-D
code. The power deposition and driven current profiles averaged over the magnetic surface are
indicated in Fig. 2.5.5-3. The current density profile is very peaked near the center similarly as

for the in-blanket antenna (see Fig. 2.4.2-8).
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Dependence on the toroidal mode numbers

Figure 2.5.5-4 shows the power partition and the current drive efficiency as a function of
the toroidal mode number, n. Optimum range of the toroidal mode number for the current drive
is 20~30 (N,=2~2.8). The maximum current drive efficiency is obtained at n=26 (N,~2.4). The
electron power absorption is almost constant (~90%) above n~30. It decreases rapidly with

decreasing n below n~20. Power absorption by fusion o's and berylliums is negligibly small

over a wide range of n (n=5~54).

Current drive efficiency

The current drive figure of merit is evaluated with the 2-D calculation results, taking the
antenna current spectrum into account. The antenna current spectrum for the § strap antenna
(JAERI proposal, tangential access) is shown in Fig. 2.5.5-5. The estimated ¥ is
0.33x102°AW'm, which is much higher than that obtained by the 1-D code (0.19x102° AW~
lm'z). Even if the improved absorption ratio of the electrons in the 2-D calculation mentioned
above is taken into account, ¥ value by the 2-D code is about 30% better than that obtained by
the 1-D code. The reason may be explained by the focusing effect of the wave propagation in

the 2-ID calculation.
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Fig. 2.5.5-1 Contour plots of the wave electric field (Eg) in the poloidal cross-section for the

ITER equilibrium in ignition. 60MHz, n=26, in-port antenna (midplane launching)
and CD conditions.
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for the ITER equilibrium in ignition. 60MHz, n=26, in-port antenna (midplane

launching) and CD conditions.
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current for the TTER equilibrium in ignition. 60MHz, n=26, in-port antenna
(midplane launching) and CD conditions.
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Fig. 2.5.5-3 Antenna current spectrum against the toroidal refractive index, N, for in-port
antenna (tangential access, 8 straps) at 60MHz, Interval between adjacent
straps=0.36m, width of current straps=0.18m, phase difference between

adjacent straps=64.8".
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2.5.6 Concept of antenna structure

An in-port antenna designed for the ITER ICRF system is shown in Figs. 2.5.6-1(a), (b)
and {(c). As mentioned in Sec. 2.5.2, we need a port as wide as possible in order to have a
coherent Ny spectrum which is effective to the current drive. So that we have made conceptual
design of the in-port antenna for a wide tangential port with the toroidal width of 1.5 m and a
tangential angle of 74° or - 74° (actually almost perpendicular) proposed from Japan. The in-
port antenna consists of 8 current straps (4 current straps in the toroidal direction and 2 current
straps in the poloidal direction), an open type of Faraday shield and an antenna casing. Then,
the 8 current straps with two antennas can be aligned near the radial position of the first wall in
the toroidal direction by providing two adjacent tangential ports in mirror symmetry, which
leads to form a more coherent N spectrum. Main antenna material is stainless steel, and some
part of its surface where rf current flows is plated with copper. Also, plasma facing surfaces
are coated with low Z materials such as Be.

The toroidal interval between adjacent current straps is 0.36 m so as to have Njpeak = 2.5
for phase difference between adjacent current straps, 65° at 60 MHz. The poloidal length of the
current straps is 0.69 m which is shorter than A/4 with considering the wavelength reduction
(60 - 70 %) by the additional capacitance due to Faraday shield bars. The gap between the
current strap and the side plate of the casing or the septum is 0.08 m, parallel to the magnetic
field. This value may be set as widely as possible to couple rf power of 2 MW into the plasma
from one current strap. The perpendicular gap between the current strap and the upper plate of
the casing is 0.03 m which is designed from a viewpoint of not only the voltage stand-off but
also the impedance matching between the current strap and the radial feeder section. The
distance between the current strap and the back plate is in a range of 0.2 - 0.55 m, because it
has to be optimized so as to obtain sufficient coupling resistance from further coupling
calculations. The current strap is double structure to flow the coolant of water in its inside. Its
support points are a short-circuited plate and a ridged waveguide support. The cut-off
frequency of the ridged waveguide support is about 47 MHz. It is possible that its cut-off
frequency is reduced by 20 - 30 % by extending its height (poloidal length) to about 0.7 m and

its arm length to about 0.5 m if its mechanical strength is sufficient. The radial length of the
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ridged waveguide support is fairly shorter than the wavelength so that its electric discontinuity
" is expected to be small. An 8-inch coaxial line with the characteristic impedance, 30 Qs
connected to the other side of the ridged waveguide support.

The Faraday shield is composed of bars not parallel to the total m_agnetic field but parallel
to the toroidal magnetic field. So that it is not tilted to the horizontal plane, because the tilted
Faraday shield can not function its merit of reduced impurity generation in a wide range of q
values, and further such merit is not found definitely in the experiments on the DIII-D tokamak
if low-Z material is applied for the Faraday shield [19]. The diameter of the bar is 0.05 m. The
poloidal interval between the bars is about 0.1 m and the radial gap between the bar and the
current strap is about 0.02 m. These values are chosen so as to set the wavelength reduction to
be a desirable value. The septa are slotted to radiate rf magnetic field effectively. They also are
a kind of support for Faraday shield bars. The bar is round at the corners to reduce the thermal
stress, and the additional poloidal bar supports are provided near the corners to reduce the

mechanical stress to the bars due to the electromagnetic force induced by plasma disruption.



Current Straps

JAERI—Ressarch $5—070

© © 0O 0 ©_©

Q_©

180

80 80

300

R .
o i [
o ' 1
[ ’
P i
o i
o 1 i
I . 4

-

L% WIS MU S - S

N/ NS NS NS

TEM Lines .
Ridged Waveguide Supporis

0 01 02m

Figure 2.5.6-1(a) Front view of ITER in-port antenna.

- — 66—



JAERI—Research 95—0G70

Cross Section Coaxial Line

\ at Second Current Strap (8-inch,30 Q)

/
7

Ridged -
Waveguide

Neutron Shield

Cross Section at First Current Strap frsses——]
0 01 02m
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2.5.7 Antenna-plasma coupling calculation

The antenna-plasma coupling is one of the most important points for designing FWCD
antenna in ITER. The coupling properties of the 8 X 2 antenna array which is installed in two
adjacent ports are evaluated by the coupling code with a cold dispersion relation and a slab
plasma model [20]. The antenna model and the electron density profile for the coupling

calculation are shown in Fig. 2.5.7-1. The electron density profile is assumed to be

ne(r) = (ne(0) - Nep) {1 - (ﬁr—)z}2 + N, inside the separatrix (r <R,),
4

and
r-R;

Ne(r) = nep €xp (- ) in the scrape-off layer (R,<r < Rp),

<

where n,(0) is a central electron density (1.4 x1020 m-3), ny, is an edge electron density which
is 0.43 times of central density and A is an e-folding length of the electron density profile in
the scrape-off layer (2 cm). The antenna length, the toroidal interval of antenna array and the
current strap width are assumed to be 69 cm, 36 cm and 18 cm, respectively. The characteristic
impedance of the transmission line and the frequency is 30 €2 and 60 MHz, respectively.

Figure 2.5.7-2 shows the dependence of loading resistance on the toroidal refractive
index corresponding to a peak of the antenna current spectrum (N,°). The loading resistance
increases with decreasing N,° and the optimum N,° value for fast wave current drive with high
efficiency is low value, that is 2.5, so that the coupling properties are much better than the
conventional FWCD antenna in present tokamaks. The 8 x 2 antenna array has a high
directivity and a sharp N, spectrum, as shown in Fig. 2.5.7-3. However, the dependence of
coupling on the frequency is not so wide band due to using a half wavelength resonance for
obtaining high loading resistance as shown in Fig. 2.5.7-4. The dependence of coupling on the
distance between antenna and return wall is shown in Fig. 2.5.7-5. The maximum loading
resistance can be obtained at the distance between antenna and return wall of 57 ¢cm, which may
be about half wavelength resonance along the current strap. Figure 2.5.7-6 indicates that the
loading resistance is not sensitive to the electron density, as long as over the cut-off density of
excited N, spectrum. It is very effective for heating at the low electron density regime in the

ITER ignition scenario.
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The wide Faraday shield/separatrix separation during FWCD operation is important for
realistic ITER design. The loading resistance of an antenna is demanded to be over 4.2 € for
the coupled power of 100 MW, where the stand-off voltage is assumed to be 30 kV. Figure
2.5.7-7 shows the dependence of loading resistance on the separatrix-Faraday shield distance.
The loading resistance at the Faraday shield/separatrix separation of 10 cm is about 6 Q per an
antenna, where the Faraday shield thickness is 6 cm and the Faraday shield/current strap
separation is 1 ¢cm, If we can use the back Faraday shield (new concept [21]), the full power

operation (100 MW) can be available with the Faraday shield/separatrix separation of 19 cm.
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2.5.8 Summary
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Optimum frequency for the high frequency scenario with the in-port antenna of midplane
launching is 60+2.5MHz.

Antenna box width of 0.95m with perpendicular access, which was the condition
proposed by JCT, gives unsatisfactory performance for FWCD.

Combination of two antenna plugs installed in adjacent tangential ports, of which
directions are opposite each other, enables 3m of total toroidal width of an antenna array
within framework of the in-port antenna concept.

8 strap antenna with 3m total toroidal width gives y of 0.19x10°AW m™2 by 1-D
calculation (0.33><1020AW'1m'2 by 2-D calculation) at N,°=2.5 and 60MHz and also
good controllability in heating.

In OH conditions, N,° value optimum for CD is about 4.5. If current drive is required
from the OH phase, dynamical control of the toroidal phasing (N ,°) is necessary. If not,
the ion heating mode automatically shifts over the current drive mode in a course of a
discharge, setting N,° to be 2.5 at 60MHz.

Enhanced power absorption by the triton tail formation is important for N,<2. The
antenna current spectrum should be as sharp as possible to avoid enhanced ion absorption
due to the tail formation and to maximize the current drive efficiency.

Power absorption and driven current profiles are calculated by the 2D full wave code with
ITER plasma equilibrium. Electron power absorption ratio_and the current drive efficiency
of the 2-D calculation are larger than those of the 1-D calculation because of the outward
shift of the magnetic axis and the focusing effect of the wave propagation.

Conceptual drawing of the 8x2 strap antenna structure (4x2 straps/module) is proposed.
The antenna structure is consistent with the radiation shielding and is free from ceramics
inside the cryostat employing two ridged waveguide supports per line for the internal
conductor.

/2 resonance of the antenna may be necessary to have a good coupling performance. In

this condition, the loading resistance is ~6Q for 8gg=10cm and ~3€ for dpg=15cm with
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A.=2cm, where the loading resistance over 4.2€2 is demanded for 100MW injection with

6 ports assuming the stand-off voltage of 30kV.

3. Concluding Remarks

Detailed study on the current drive performance has been made both for the in-blanket
antenna and the in-port antenna. The low frequency scenario with the in-blanket antennas
suffers from the N, upshift because of a weak damping per pass and an insufficient directivity
even with the 18 strap array. The current drive efficiency cannot be so high. y is
0.27x102AWIm™ for the standard CD conditions (g,=5, qo=1 and ctx=0.15) including the
antenna current spectrum. Y may be improved with increasing safety factor at the expense of the
damping per pass but ¥ is at most 0.36x10°AW1m™ for q,=7, qu=2.5 and an=0.15. On the
other hand, the high frequency scenario shows better current drive performance because of a

strong damping per pass and much more narrow current spectrum, in spite of a loss of certain

amount of power to ions (~20%). y of 0.4x10*°AW"'m"? is obtained for the standard CD
conditions (q,=5, qp=1 and ox=0.15) including the antenna current spectrum.

The in-port antenna with 'tangential access' is proposed, aiming at compatibility of high
performance on the current drive and easy maintenance. The high frequency scenario is
employed for the in-port antenna inevitably. & strap array with total toroidal extension of about
3m, which may be a minimum requirement for efficient current drive in ITER, is possible with
reasonable power injection capability. A total injection power of 100MW is possible using 6
ports with 8gg~12cm, A,=2cm and the stand-off voltage of 30kV. A value of yis calculated to
be 0.19x102°AW 'm2 by 1-D code or 0.33x102°AWm2 by 2-D code taking account of
realistic ITER plasma equilibrium in ignition. Thus the current drive efficiency comparable with
that of the in-blanket antenna using the low frequency scenario can be obtained. More detailed

design study on such a promising in-port antenna is to be carried out continuously in 1995,
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A.=2cm, where the loading resistance over 4.2£2 is demanded for 100MW injection with

6 ports assuming the stand-off voltage of 30kV.

3. Concluding Remarks

Detailed study on the current drive performance has been made both for the in-blanket
antenna and the in-port antenna. The low frequency scenario with the in-blanket antennas
suffers from the N upshift because of a weak damping per pass and an insufficient directivity
even with the 18 strap array. The current drive efficiency cannot be so high. v is
0.27x10* AW m? for the standard CD conditions (q,=5, qo=1 and ax=0.15) including the
antenna current spectrum. Yy may be improved with increasing safety factor at the expense of the
damping per pass but Yy is at most 0.36x10°AW'm™? for Q,=7, qo=2.5 and an=0.15. On the
other hand, the high frequency scenario shows better current drive performance because of a

strong damping per pass and much more narrow current spectrum, in spite of a loss of certain

amount of power to ions (~20%). y of 0.4x102°AWm? is obtained for the standard CD
conditions (q,=3, qg=1 and on=0.15) including the antenna current spectrum.

The in-port antenna with 'tangential access’ is proposed, aiming at compatibility of high
performance on the current drive and easy maintenance. The high frequency scenario is
employed for the in-port antenna inevitably. 8 strap array with total toroidal extension of about
3m, which may be a minimum requirement for efficient current drive in ITER, is possible with
reasonable power injection capability. A total injection power of 100MW is possible using 6
ports with dgg~12cm, A.=2cm and the stand-off voltage of 30kV. A value of yis calculated to
be 0.19x102°AW'm? by 1-D code or 0.33x102°AW " m"2 by 2-D code taking account of
realistic ITER plasma equilibrium in ignition. Thus the current drive efficiency comparable with
that of the in-blanket antenna using the fow frequency scenario can be obtained. More detailed

design study on such a promising in-port antenna is to be carried out continuously in 1995.
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