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1. Physics Basis
1.1 Ion cyclotron heating to ignition

H. KIMURA, H. MATSUMOTO, K. ODAJIMA, M. SUGIHARA

§1. Introduction

High power ICRF (Ion Cyclotron Range of Frequency) heating are
now underway in TFR [1], PLT {2] and JFT-2 [3]. According to the
encouraging results obtained in these devices, ICRF heating is con-

sidered to be very promising for heating the INTOR plasma to ignition,

Heating modes

In INTOR, the lauching structure must be located on the outside of
the torus. Therefore, the heating scenarios can be considered as fol-
lows.

(1) w=H.. =20 (84 MHz) in a H~D-T mixture with H as minority

CH CD

species or w==QCHeB = 2 QCT {56 MHz) in a He~D-T mixture with Hg
as minority.
(ii) w=2 QCD (84 MHz) or w=3 QCD (126 MHz) in a D-T plasma.

The scheme (i) so-called minority heating regime, which has been
intensively studied in PLT and the heating mechanism is well under-
stood [2]. The scheme (ii) is attractive for avoiding additional
minority species, since in the minority regime almost whole RF power
goes to minority spedies, resulting in energetic ion tail, which
increases beta requirement as well as impurity production due to loss
particles. In addition, higher frequency is desirable for employing
a wave guide, while is more suitable in reactor environments.

The second harmonic heating was confirmed in PLT with outside
excitation [2]. In JFT-2 experiment, we study second harmonic heating

of a deuterium plasma with 2 v 4% of H component for inside excitation
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[3]. Inside excitation is appropriate for such experiment, since the
excited fast wave couples more tightly to the ion Bernmstein wave, which
plays a key role in the heating than for outside excitation. We ob-
served deuterium high energy tail, indicating the deuterium second

harmonic heating even in the presece of 2 V4% minority H component.

Antenna coupling and wave propagation

Establishment of the scaling law of the antemna loading impedance
is necessary for the design of antenna, matching network and transmissicn
line system. Figure V-1-1 shows experimental results on the loading
resistance RS in JFT-2. RS is strongly dependent on the herizontal
distance AH between antenna and plasma, and dependence on the average
electron density is weak. The value of RS is in good agreement with
the strong damping model [4].

From the anlaysis of ray tracing, the RF power deposition profile
is highly dependent on the poloidal position of the wave excitation.
From this point of view, the antenna must be located on the equatorial
plane of the torus and its poloidal angle be as small as possible. The
rays from such portion of the plasma cross-section goes deeply into
the plasma and encounter with a damping zone.

The poloidal mode number of the antenna is not important, since
the wave is damped with a single pass. In JFI-2 experiment, we have
obtained good ion heating results (4 X 1013 eV em™2 kW * at least up

to RF net power 500 kW) using 1/4-turn antennas.
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§2. Antenna system

The maximum RF power per port is limited by the RF breakdown
due to the high voltage generalted at the antenna, power feedthrough,
transmission line and stub tuner. The maximum voltage VA in the
antenna scales as
LR ¢H)E

Va © (Pgy

where P R, L and C are RF power, resistance, inductance and capaci-

RF’
tance of the antenna, respectively. To reduce the voltage, R and C

must be as large as possible and 1. as low as possible.

Antenna dimension

The port size of INTOR is "3 m in hight and 2 m in width. The
ICRF and antenna consists of a coil, a return conductor and a Faraday
shield (Fig. V-1-2). The basic dimensions of the antenna, which
determine the antenna loading impedance, are as follows (Fig. v-1-2}),

d : the distance between the plasma edge and the Faraday shield.
d, : the distance between the Faraday shield and the coil.

d, : the distance between the coil and the return conductor.

w : the coil width.

The loading impedance is calculated using the strong damping model
(4], which well explains experimental wvalues in TFR, DIVA and JFT-2,

The electron density profile is taken as

_ r.m
ne"neo{l"(?) } »

where a' (123.8 cm) is the effective plasma radius with the density
decay length of 3.8 cm in the scrape-off layer. We assume the radial

position of the ¥Faraday shield coincides with that of the first wall,
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i.e. dy = 6.2 cm. This is a severe condition for the antenna-plasma
coupling, but is desirable for the antenna material, since the heat
load to the antenna is kept at least to the level of the first wall.

We consider that the Faraday shield does not affect the antenna resist-
ance but adds a paralell capacitance without inductance, resuiting in
reduction of the wave length on the coill.

Calculation results of the lcading impedance as a function of
dy + d,, d, and w are shown in Fig. V-1-3 for neo==l.5 x 10** cm™3
and m = 4.

From the figure, cne can see that smaller value of d,+d; is
favourable for both R and wL. R and wlL depend weakly on d, for d; >
25 cm. wl decreases rapidly with increasing w, and although somewhat
slowly, R decreases too,.

If we choose d;, =3 cm, dy =30 cm and w=40 cm (these values are
not yet perfectly optimized), we obtain R=10.7 ©/m and wL =103 Q/m,

Figure V-1-4 shows change of the loading impendance with the peak
electron density and the density profile. While wlL is almost constant
for n__>5 x10** cm ®, R decreases rapidly with increasing n__. This
dependence is a feature of the wide antenna. For a narrow antenna
(w=5"™"6 cm), which is usually used in the present-day device, R in-
creases slowly with increasing Do The reason of the different de-
pendence is due to the difference of the width of the kz spectrum.

The dependence on the density profile is small both for R and wlL.

Peak voltage in the antenna

The characteristic impedance ZO of the antenna is estimated to
be 25 {} assuming the distance between the Faraday shield and coil

of 1.5 cm. The wavelength in the antenna is reduced to 0.46 of the
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free space wavelength (A = 3.5 m for 85 MHz).

We assume the coil length is 0.9 m. Then the peak voltage in the
antenna for PRF==12.5 MW is estimated to be 60 kV. This value seems
to be too high to prevent RF breakdown. Therefore, we recommend four
antennas system for a single port (Fig. V-1-5) as proposed in JET [5].
In this case, the peak voltage is limited to 30 kV. This value is still

high considering 1.5 c¢m gap between the coil and the Faraday shield,

but is not impossible to overcome from the technical point of view.

Z

k_ spectrum of the antennas

Figure V-1-6 shows the kz spectrum of a real component of the
loading impedance for a single antenna and two antennas with various
phase differences d. R and wL per antenna are almost the same for a
single sntenna and two antennas with ¢ =0 and they are somewhat smaller
for the other two cases,

Even for a single antenna case, the spectrum is relatively narrow,
because of the large width of the antenna. For the case of two antennas,
whose interval is assumed to be 100 cm, the spectra become very sharp.

kz which provide maximum peak values are followingly.

§ k (mhH
Z

0 ~ 0

w2 Nvo1L5

T v ox2,.8

From the point of view of the plasma heating, large kz is favourable.

Therefore, ¢ = 7T is a reasonable choice.
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§3. Wave propagation and damping

We calculate the wave propagation and damping for the deuterium
second harmonic heating and the hydrogen minority heating on the basis
of the ray tracing analysis {6]. The antennas are placed near the
equatorial plane and have the poloidal angle JS] £ 40°, We assume
kz = 3 m~ ! because of the sharp profile of the kz-spectrum as shown
in Fig. V-1-6.

The ray tracing analysis is appropriate to calculate the wave
propagation to the damping zone. However, in the damping zone, the
ray tracing analysis is not valid and the full wave equation must be
solved, especially for the second harmonic regime. The fast wave in-
cident from the low field side is partly absorbed, transmitted, re-
flected, and converted to the ion Bernstein wave at the deuterium
second harmonic cyclotron resonance layer.

From the appreoximate fourth order wave equation which does not

incldue absorption, the tunneling parameter n is derived followingly

[7,8].
n

i H
n= ZE-RO mPD (BD + E;) 3

where c, RO, w . and BD are speed of light, major radius, deuteron

pD _
plasma frequency and deuteron toroidal beta, respectively. For the
fast wave from the low field side, conversion, tunneling and reflectiocn
take place with the coefficient a, = e ?1(1-e™?M), a; =e 2" and
a»= (1 - e_zn)2’ respectively.

In the deuterium second harmonic case, n is proportional to
B

D TD. Typically n increases by 40 times from the Joule plasma to

the ignition plasma (nv0.066 - 2.8). Then the conversion, tunneling

n

and reflection coefficient change as follows; ag = 0.11+ O,
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a1 = 0.88 ~ ) and ap;=0.015+"1. Thus in the early stage of the
heating, both the conversion and reflection are small and the tunneling
is dominant due to the the low Bp. Further investigations are needed
iﬁ experiment and theory to determine whether the second harmonic heat-
ing alone is sufficient even in the early stage or minority proton
must be added.

When the plasma approaches to the ignition, the second harmonic
resonance layer plays a role of a perfect reflection wall for the
fast wave from the low field side and the wave power is absorbed in
the vicinity of the second harmonic resonance layer via deuterium
second harmonic cyclotron damping.

On the other hand, in the minority regime (e.g. 5% H +47.5% D
+ 47.5 % T), the two-ion hybrid resonance-cut-off pair is formed and
the fast wave is perfectly reflected even for the Joule plasma para-
meters.

In the ray tracing code, an approximate dispersion relation is
used. The confluent region of the fast and ion Bernstein wave does
not appear. The ray from the low field side is perfectly reflected,
while the ray from the high field side is perfectly converted to the
ion Bernstein wave.

Therefore, the ray tracing is valid only if the reflection coef-
ficient a, is close to unity for the low field side excitation, or
only if the conversion coefficient bo(=l - e 2y is close to unity
for the high field side incidence.

Figure V-1-7 shows the ray trajectory in the poloidal cross-section
for the deuterium second harmonic case (50% D + 50%Z T) and the proton
minority case (5% H + 47.5%2 D + 47.5% T}. As the plasma parameters,

intermediate values between the Joule and the ignition are taken, i.e.
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Too = Tio = 5.5 keV and n = 2 X 10'"* em™3. Parabolic profiles of the
temperature and density are assumed. In both cases the rays incident
from the low field side are reflected at the second harmonic resonance
layer, return back to the peripheral region and are reflected again

at the fast wave cut-off layer. Such processes are continued till the
wave power is almost absorbed. The power absorption processes are shown
in Fig. v-1-8, where the ray trajectoriles are projected on the X-axis.
About 44% and 29% are absorbed for one pass by deuterons for the second

harmonic case and mainly by protons for the minority heating case, re-

spectively..

§4. Power deposition profile

The radial power deposition profiles to each species are calculated
by summing up the absorbed power of many rays emanating from the antenmna.
Figure V-1-9 (a) and (b) depict thus obtained power deposition

profiles for the second harmonic heating and the minority heating re-
spectively. Plasma parameters, and temperature and density profiles

are the same as in Fig. V-1-7. The profile is more peaked in the second
harmonic heating case than in the minority heating case. However, the
deposition profile is sensitive to the density profile., Figure V-1-10
shows the broadening of the power deposition profile of the second
harmonic case for the density profile n = no(l - (g)s).

The wave propagation and damping change considerably with temper-
ature. Power deposition profiles are calculated as a function of
temperature for the deuterium second harmonic heating case. Here,
the damping by the tritium is neglected.

We assume the plasma specifications follows.
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- - - (X
n (r) = [na_J ns][l (7)1 +n,
¥ 2
T () =T, = TJI1 - (7)) 1+ T
n =2x10"" em™3, n_=0.05n
eo s e

20 - 50 D-T

=]
I

3
H
it

0.05 T
eo

[l

q, = 1, q, 2.3

f = 84 MHz, kZ = 10 o™t

The power deposition profile is calculated by summing up the absorbed
power of 4 rays emanating from the antenna (5° < 0 < 307°). Figure
V-1-11 (a) v (e) show the results. Corresponding electron temperature
are 1, 5, 10, 15 and 20 keV, respectively. At Teo = 1 keV, almost all
éf the power goes to deuterons and the deposition profile is highly
peaked on axis. The deposition profile of deuterons becomes broader
with increasing ion temperature, but RF power is still perfectly
deposited within r<a/2 at Teo = 20 keV, The heating power to electrons
increases and its profile becomes more hollow with increasing electron
temperature. Fraction of the power deposited in deuterons and electrons
versus electron temperature is shown in Fig. V-1-12. The power to elec-
trons increases with increasing electron temperature, resulting in the
reduction of the power to the deuterons. Above Teo% 15 keV, fraction
~ of the power fo electrons exceeds the one to deuterons.

The single pass absorption probability is given in Fig. V-1-13
as a function of the central electron temperature, Above Teo==15 keV,
strong single pass absorption (»80%Z) occurs. In calculation, the ray

is perfectly reflected at the deuteron second harmonic resonance layer.
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The power absorption probability is defined as the rate of the power
absorbed from the ray starting point to the reflection point. There-
fore, the power, which transmits and is absorbed on the high field
side of the deuteron second harmonic resonance layer, is neglected.
Such effect should be taken into account egpecially in the low BD
region (Te0 < 5 keV). Therefore, the single pass absorption in Fig.

V-1-13 is underestimated in this region.

§5, Ignition approach by ICRF heating

Preliminary calculations of ignition approach by ICRF heating
are made by one-dimensional transport ccde with the power deposition
profile given in fig. V-1-10. The results are shown in Fig. V-1-14.
ICRF heating is started at t = 5 sec. The average ion density is
" slightly increased in time (ED==ET==5 x 10 m=3 at t=5 s-*ﬁD =
ET =6 x 10'? m™3 at £t =10 s). Power deposition profile is assumed
to be constant during the heating. Heating power of about 50 MW is

sufficient to ignite the INTOR plasma. It is also expected that the

heating power of 20 " 30 MW can ignite the plasma.

§6. Conclusion

Application of ICRF heating in a reactor size tokamak (INTOR)
was investigated. It is possible to deliver 12.5 MW of RF power from
a single port by antenna excitation. At most 50 MW of RF power is

sufficient to ignite the INTOR plasma via deuterium second harmonic

heating.
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Fig. V-1-1 Antenna loading impedance as a function oo the horizontal
position of the plasma column in JFT-2 experiment. The

antenna is located inside of the torus.
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Fig. V-1-2 Schematic drawing of the antenna and the calculation model.
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Fig. V-1-5 Schematic drawing of the four antenna system.
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Fig. V-1-8 Damping of the wave amplitude along the ray trajectory of
(a) the deuteron second harmonic heating case, and

Fig. %.
(b) the proton minority heating case,
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Fig.V-1-10 Power deposition profile of the deuteron second harmonic

3
case with the density profile n = ny(1 - (g) ).
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1.2 Lower hybrid heating to ignition

T, IMAL (JAERIL)

A. FUKUYAMA (Okayama Univ.)
M. OKAMOTO (Nagoya Univ.)
T. NAGASHIMA (JAERI)

§1. Overview of LHRF heating in INTOR

Lower Hybrid Range of Frequencies (LHRF) heating is very attractive
as a further heating method of a plasma of a tokamak reactor, hecause of
its engineering simplicities. Ohe of them is the power source. A mega-
watt class klystron of a few GHz is comparatively easy to develope. Ac-
tually R&D of a MW klystrom of 2 GHz for JT-60 has already begun in
JAERI[1]. Another is the antenna system. Waveguide coupling which has
many attractive points in a reactor environment is possible. Thirdly,
required area to inject RF power is small, because of the large power
density limit. Power density of 3-4 kW/cm? is expected to be available
from the present experimental results, which enables to iuject 50 MW
with port area less than 2 m?[2].

In addition to these engineering attractiveness, recent experiments
in JFT-2, Alcator A and PLT showed good plasma heating [2,3]. LHRF
enables other advanced concepts, besides the bulk plasma heating, like
ion tail formation to enhance fusion power, RF current drive to operate
tokamak in steady state and plasma profile control for plasma stability
[2,4].

Lower hybrid resonance frequency is the ion plasma frequency in
the space filled with the magnetically constrained electrons. There-
fore, LHRF heating is sensitive to the ion density just like as that

ICRF and ECH are sensitive to the magnetic field. Before the arrival
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of the lower hybrid wave (LHW) to the resomance point, there are
several processes which the wave must experience.

At first, the wave is launched from the outside of plasma. 1In
the LHRF, waveguides, which are attractive in a reactor environment
and easy to be formulated theoreticaly, are possible to use. Electro-
magnetic wave radiated from the launcher couples to the slow wave at
the edge and propagates to the interior in the linear theory of the
LHW., It is well known that a slow wave must satisfy the accessibility
condition in order to penetrate further inside. The accessibility is

ol

s, Where ] denotes the value
e'res res

approximately given as NZ:>1 + mp:/mc
at the lower hybrid resonance point [5]. After the penetration into

the core of plasma, the wavelength become shorter. The wave is convert-
ed to the hot ion wave due to the thermal effect of ions and is absorbed
near the turning peoint via the ion cyclotron harmonic damping and/or
Landau damping. Above linear heating model i1s very simple and easy to
understand, but the experimental results are somehow different from it.
It seems to be indispensable to apply nonlinear consideration to under-
stand the experimental results. There are many nonlinear theory of the
LUW. Among them, parametric instabilities and nonlinear stochastic
heating are very plausible. Parametric instabilities were observed in
every LHRF heating experiment in tokamaks. But the role of them seems
to be a mechanism of surface heating. Some attempt to reduce parametric
instabilities near the surface have been made [6]. In the reactor grade
tokamak parameters, this surface absorption will not be serious problem,
since the ratio of the RF power density and plasma energy density RN =
SRF/nT will be a few hundredths of that of the present experiments.

Almost every LHRF heating experiment has predicted the necessity

of the accessibility condition and the turning point of the LHW {2].
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From these prediction, we can easily find the importance of the

penetration of the LHW into the core plasma and mode conversicn to

the short wavelength ion waves. Since the linear damping mechanism

like ion cyclotron harmonic damping and Landau damping saturate easily

at low power, the ion wave accumulates in the core plasma and nonlinear

stachastic heating is expected to occur near the turning point [7].
Heating efficiency of the LHRF (1.5%Vv3.0 eV/kW) is moderate, compared

with the other heating schemes like NBI, ICRF and ECH (36 eV/kW) in

the present grade tokamak experiments. As mentioned before, this reduc-

tion of the heating efficiency ié mainly due to the surface absorption

which will be probably suppressed in the reactor plasma and a ripple

loss or an orbit loss of perpendicular energetic ioms which will also

be confined in the reactor plasma. Thus the LHRF heating will be

expected to work well in the reactor plasma like INTOR. Weak point of

the LHRF heating in the present time is the lack of the experiments

to demonstrate the excellent heating efficiency. Coming experiments

of the LHRF heating in the PLT, Alcator ¢, JFT-2M, Wega, Asdex and

JT-60 will clarify the present ambiguity soon.

§2. Preliminary results on antenna coupling and wave propagation studies

Determination of the RF parameters for INTOR is the first step of
the design of the RF system.  For this purpose, propagation properties
of the LHW in plasma and RF parameter spaces are investigated, which are
shown in Figs. V-1-14 and 15. 1In the figure V-1-14, the solid lines
show the density of the Linear Mode Cenversion point (ILMC) of the LHW
as a function of the input frequency and refractive index parallel to

the magnetic field Nz. The dotted line is the density limit of the
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accessibility condition of slow wave. - Below this density LHW can
penetrate. Since the peak density of the INTOR is 1.5- 2.0x10%°
m~3, the frequency of 1.8-2.0 GHz and Nz= 1.6-2.5 are appropriate.
In the figure V-1-15, the property of the LHW propagation with £=2.0
GHz is shown, where the dotted line of large points is the lower hybrid
resonance, the solid lines are the mode conversion point of each Nz—
wave from the cold LHW to the hot ion wave, the dotted lines are mode
conversion point from slow wave to fast wave (accessibility condition)
and the broken line is an example of the plasma profile of INTOR. As
seen from the plasma profile of the INTOR, again, refractive index NZ
= 22 is the best choice for ion heating in INTOR. An example of the
ray tracing of the LHW with f = 2.0 GHz is shown in Fig. V-1-16, where
n,y = 2.0x10%° m™2 and T=5 keV.

Next, the lauching structure of the LHW must be determined. For
the engineering simpliecity, number of waveguides should be small and
the effective area to radiate the RF should be large. But for the
optimization of the wave penetration and absorption, large number of
the waveguides and small width of the each waveguide in the toroidal
direction (b) make a good Nz—spectrum for heating. It is the most
important to harmonize the above competing requirements in order to
get a good heating result in a large machine,

Calculation of the coupling and radiation power spectra is shown
in Appendix V-A. An array of 24 waveguides in toroidal direction with
the size of the each waveguide b=28 mm (b=11 m for current drive and
initial heating) is suitable. The simlified schematics of the launcher
is shown in Fig, V-1-17. Since the RF port size is 2 mx 3 m INTOR, 12
steps of 24 waveguide arrays in poloidal direction is pessible to place.

An example of the line up of RF amplifiers is shown in Fig. V-1-18,
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where 20 klystron amplifiers of "MW class are employed to drive 20
slots of 24 waveguide array.

Plasma parameters of INTOR change in time. The plasma density
is expected to increase from ﬁe==0.4><102° m=> to 1.4x10%% m~3, the
plasma current Ip =4 to 6 MA, and the temperature <T> = 1.0 to 10.0
keV. As the lower hybrid frequency is sensitive to the density and it
is approximately proportional to the square root of the density, increase
in the denisty by factor of 3 requires that in the frequency by 1.7.
Thermal correction of the LHRF also requires frequency upshift with
increase in an ion temperature.‘ Control of the phasing of the launcher
provides a part of the solution to these variétion of plasma parameters.
But it is impossible to follow to the all parameters in INTOR only by
changing the phasing, if the choice of the frequency is only one point.
Therefore, feedback control of the frequency is desired in order cor-
respond to the plasma variation. More detiled calculation is done in

reference [Al].
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Ne (10°m3)

Fig. v-1-14 Plasma density of IMC (solid lines) and accessibility limit
(dotted line) against the refractive index Nz, as a function

of the input frequency, where T = 5 keV and Bt = 5.4 T.
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Bf (Tesla}

f=2.06GHz
Te =Ti = 10keV

Fig. v-1-15

Wave characteristics in plasma parameter space. The horizontal
and vertical axises show the density and toroidal magnetic
field, respectively. Dotted line of closed circles shows

the cold lower hybrid resonance, solid lines the turning

point from the cold LHW to the hot ion wave of each Nz—wave,
dottted lines the accessibility condition (mode conversion
point from slow wave to fast wave) of each Nz-wave. Mass

number of ions is taken to be 2.4 (equal D-T mixture).
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Fig. V-1-16 Ray trajectory of the LHW. C(losed circles (e) indicate the

points where almost power of each Nz-wave is absorbed.
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Fig. V-1-17 Simplified schematics of the launching system for LHRF

heating. b=28 mm for plasma heating and b = 11 mm for

current drive and initial heating.
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1.3 Start-up assist and current drive

— Electron heating and current drive by the

lower hybrid waves in the INTOR tokamak
Tokumi Yamamoto (JAERI)

§1. Introduction

Recently there has been increased interest in heating of tokamak
plasmas by RF waves near lower hybrid range of frequencies. The wave-
lengths are in the range of tens of centimeters so that high power is
available and waveguide coupling structures fit conveniently into present
experiments and future reactors. For suitable wave parameters, theory
predicts that lower hybrid waves can be used to heat iomns [1] or electrons
[2] selectively or to drive a steady-state plasma current [3,4]. The
electron heating via electron Landau damping has been proposed as a
useful method of profile control of Ohmic plasma current for getting
the high B plasma in a tokamak. The current drive would, in principle,
allow steady-state operation of the tokamak reactor, as opposed to the
pulsed operation dictated by the usual inductive current drive.

In order to make effective interaction between the lower hybrid
waves and electron via Landau process, it is necessary to aveid the
deposition of the RF energy into ions resulting from the linear mode
conversion and the excitation of parametric instabilities. The JFT-2
experiments on the RF ion heating indicated that for fo/fLH(O);31.6
the ions did not couple with the RF waves and the parametric decay
instabilitries almost disappered [5,6], where f, is the applied RF
frequency and fLH(O) is the lower hybrid frequency at the center of

the plasma column.
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Here, the application of the electron heating and current drive
by the lower hybrid waves to the INTOR tokamak with major and minor
radii of Ry=5.2 m and a=1.2 m, respectively, and toroidal magnetic

field of Bt==5.5 T is described. 1In particular, we investigate

numerically the spatial profiles of RF power deposition for a build-
up phase of Ohmic current and generated current for a steady-state
operation phase by using a Fokker~Planck equation coupled to an energy

loss term and a quasi-linear diffusion term.

§2. Calculation model

The RF interaction with electrons in tokamaks depends on a sub-—

| stantial amount of the RF power density and application of a large

amplitude lower hybrid waves can strongly modify the electron velocity

| distribution function in the region of resonant electrons. However,
binary collisions and/or losses of the resonant electrons tend to re-
store thermal equilibrium, thus establishing stationary distribution
function and wave absorption. The evolution of the distribution func-
tion in a tokamak is described by a coupled quasi-linear Fokker-Planck
equation with the loss term resulting from magnetic fluctuations [7,8].
Solving the Fokker-Planck equation and wave damping in the WKB approxi-
mation at a local.position under the steay state condition, we calcu-
lated the RF power density absorbed by the resonant electrons Pab(r)
and the generated current density J(r) with r being the distance from
the minor axis in cylindrical co-ordinates. It is assumed for simplicicty
that the parallel refractive index nz—spectrum of the RF power flux at

a boundary of the plasma column is approximated by
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P__(a) -0 -n_)°
p— exp { 5 }
1/2'1T Anz ZAnz

(1)

with Prf(a) being the net RF power radiated from the launcher and the
value of nZO is a constant for propagation. The n, of the slow wave

must satisfy certain accessibility conditions (nz:>nLC with n o being
critical wvalue), otherwise, it will be converted to the outward pro-

pagating fast wave [9].

We also use a cylindrical model of tokamak density and temperature

profiles given by
_ _ 2% _ _ 210
ne(r) = neo{l (r/a)?} n and Te(xr) Teo{l (r/a)2}’T

respectively and spatial variation of toroidal magnetic field Bt(r)
= B, Re/(Ry+r).

The total power absorbed and current generated in the torus are
a 2 a . .
= P = 27rd
Pab Lfo ab(r)&w R rder and Irf ufu jlr)2wrdr, respectively

The total power balance on the RF power is represented as

Pre(a) = Pab +P_ + Pt

f

where Pf is the RF power converted into the fast waves and Pt is the

slow wave power undamped in the plasma.

It should be noted that power absorbed by the resonant electrons
goes into increasing the thermal energy Pd(r, nz) and enhancing the
diffusion losses by the magnetic fluctuations. The ratioc of two powers

is given approximately by their respective time scales or [7],

)

3

P (r, nz) - Pd(r, nz) (V/TE* Voo

ab

Pd(r, nz) UG(V/VTe)
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where v and Ve and the velocities of resonant and thermal electrons,

*

B is the energy con—

respectively. v, is the collision frequency and T
finement time. This effect reduces the effeciency of the bulk electron

heating if the confinement of electron energy is poor comparing with

the collision time.

§3. Results and conclusions

To apply the lower hybrid wave heating for a wide range fo plasma
parameters, it is appropriate t& employ klystron amplifers with two
bands of frequencies of f; = 1.5 and 2.0 GH, . In the former case,
the electron heating for the mean electron density of Ee = 2-4x10'?
7173 ig effective and then a profile control of the electron temperature
can be expected, while the latter is for the current drive in burning
phase. A phased array of multi-waveguides is employed as a launching
structure and the different phase between waveguides is adjustable
to control the n_ - spectrum during a discharge.

For the computer calculations of the power deposition for the
initial plasma heating, the following RF system and plasma parameters
are adopted: £, = 1.5 GHZ, nZO = 5.0, Anz = 1.0 and Prf(a) = 10 MW
and o, = 5x10%% m™3 of DT plasma, o = 1.5 and Gy = 1.5. Figure
V-1-19 shows the radial profile of the power deposition on bulk elec-
trons as a parameter of central electron temperature. The outward
shift in the power deposition is seen with increasing temperature.

The total deposited powers for various temperatures of TeD==O.5, 0.8,

1.0 and 1.5 keV are 2.6, 8.8, 9.4 and 10 MW, respectively. For Te =
0
0.8 keV, the almost RF power is consumed to heat the bulk electrons

near the plasma center. In figure V-1-20, the results for same
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conditions as In Fig. V-1-19 except Te =1.5 keV are shown as a
g

parameter of n, . It is found that the heating region is comaratively
0

narrow and its radial position can be controlled by changing nzo. These
are favorable for the profile control of the plasma current,

For the calculations of the current drive in a steady-state opera-
tion phase, the following parameters are considered; £, = 2.0 GHz’
n = 1.5, Anz = 0.2, Prf(a) = 22 MW, TeG = 30 keV, Op = 0.5, ne0==1.0
and 1.5 x 10%° m=2 of D+ plasma and o = 2.0. The profiles of the
generated current for different densities are shown in Figv V-1-21. The
calculations for neD = 1.0 and 1.5 x 10?% m™3 indicate surface currents

and give the total currents of 3.7 and 5.4 MA and the rf powers converted

into the fast waves of P_ = 1 and 3 MW, respectively. Although decreas-

f

ing n, results in the inward shift in the generated current, n_ can not
0

be less than o . for the accessibility conditions. Therefore, the

stronger toroidal magnetic filed, which lessens the value of o e is
required for driving the current near the plasma core.

The propagation of the LH wave in a tokamak plasma is described in
a geometric optics limit by means of ray tracing technique. With the
help of the local dispersion relation for the LH resonance range of
frequencies, the three dimensional ray equations for the tokamak geo-
metry are solved, a given density and temperature profiles, the 1/R
variation in the toroidal magnetic field, and the resulting poleoidal
magnetic field due to a rotational transform being incorporated. The
ray trajectory picture shows the modification of the n, spectrum along
the trajectories which results in a considerable change in the power
transport under the some conditions.

Figure V-1-22 (a) and (b) show a poleoidal projection of a pencil

of the ray departing from the grill mouth and behavior of n aleong
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trajectory, respectively, for the same conditions as in Fig. V-1-10.

It is seen tﬁat the slow wave propagates near the center of plasma and
the o, is nearly constant along radius. The variation of n, along the
trajectory depends on the dnesity and plasma current plofiles strongly.
(a)

In conclusions, the RF system with £, = 1.5 GHZ, n <6 and Pr

Z) f

=10 MW is useful for the electron heating and the control of the current
in the initial phase of the discharge. However, a fine control of the
frequency and the different phase between the waveguides responding to
the evolutions of the plasma density and temperature may be required

to get a stable burning plasma sﬁccessfully. On the other hand, more
detailed investigations about the current drive by the lower hybrid

waves may be demanded also.
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2.1.1 Introduction

RF plasma heating experiments have shown.the attractive
results for the last several years, and hence the possi-
bility of the ignition with a RF heating has been discussed.
In INTOR design study, ICRF heating is used for the second-
ary plasma heating. This work describes the primary result
of it,

In this design, all metal antenna type lauhching system ié
adopted and 1t is investigated to construct the ICRF heat-
ing system, especially the RF launching system, which has
the sufficient capability for the reactor component, with

some experiences in real machines, such as JFT-2, TFR, PLT.

2.1.2 Specifications

(1} RI parameter
Freguency 85 MHz
Input power/port 15 MW
Port Number 4
Total input power 50 (+10) MW
Pulse width i0 sec.
Repetition rate 10 sec/246 sec.

(The number in the parentheses denotes rédundancy.)




JAERI-M B82-172

(2) Antenna parameter

Distance from central conductor to 9.2 cm
plasma surface

Distance from central conductor to 30 cm
return conductor

Central conductor length - | Im
Central conducter width 40 cm

Antenna impedance
.Resistance 9.3 &/m

Reactance 95,6 4/m

, where the'central'plasma density {(ngg)

is 2.1 % 10*“cm—?,

2.1.2 Outline of ICRF Heating System

Foundamental ICRF heating system is composed of the antenna,
the coaxial cable and the double stub tuner as shown in

Fig. V-2-1. The standarcd ICRF antenna consists of thrée
elements, which are the central conductor, the return con-
ductor and the Faraday shield. These three elements have the
cooling channel for removing some heat load.. Their relative
positions from the plasma surface are shown in Fig. V~2—2.
The Faraday shield should be located as same as the first
wall positicn. For the impedance matching between the RF
power amplifier and the antenna, the doukle stub tuner is
used. The each stud length except the stroke length for

the stub driving is about.l.7 m. The interval between the
two stubs is 0.5 m. 1In this design, the characteristic
impedance of the coaxial cable is 508 between the RF power

amplifier and the double stub tuner and is 25! between the
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double stub tuner and the antenna. The coaxial cable is
filled with SF: gas to raise the withstand voltage. The

vacuum is sealed at the ceramic feed-through.

2.1.4 Electrical Design

For the antenna impedance of RD = 9.38/m and XD = 95 .67 /m,

where RD and XD is the resistive part and the reactive

part of the antenna impedance, respectively, the voltage
and the current standing waves are calculated for the

input power of 15 MW and the maximum volage is discussed.

The voltage V and the current I distributions alcng the
antenna and the coaxial cable fof some cases are shown in
Fig. V-2-3 ~ Fig. V-2-6, when the lcad impedance is matched
by the double stuk tuner.

In Fig. 1, V,I for the ccaxial cable characteristic impe-
dance %, of 502 and in Fig. v-2-2 V,I for Z, = 250 are shown,
without any additional capacitance except for the capacitance
between the central conductor and the return conducter,

where V;I are the amplitude described in the instantanecus
value, that is, V = +/2|vrms|and I = v2!Irms].

The maximum voltage is about 130 kVp in both cases. .Even

if the antenna is divided into 2 or 4 secticns, the maximum
voltage is 93 kVp of 66 kVp. According to the experimental
results in some tokamaks, it is desirable that the maximum

voltage is less than 30 v 40 kVp at the antenna and the

feed-through.
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To reduce the voltage, the capacitance between the Faraday
stlield and the central conductor is added and decreases

the characteristic impedance of the antenna. If the gap
spacing between fhe Faraday shield surface and the central
conductor surface is 1.5 cm, the capacitance CF at the

gap is about 2.4 «x 10;10 F/m and the characteristic impe-
dance of the antenna is 25{. The voltage and the current
distributions with CF = 2.4 % 107'° F/m are shown in Fig. V-2-5
for Z, = 507 and in Fig. V-2-6 for Z; = 250.

Assuming that the RF power-of 15 MW is radiated by 4
antennae in one RF port halves the maximum vcltage as shown
in Figs. V-2-5 and V-2-6, and theh the maximum voltage ig

- about 557kVp for g = 5@9 and about 30 kVp for Z, = 253.
For the latter case, the voltage breakdown will be safely
suppressed in the coaxial cable filled with SF; gas of
about 2 atom and also in the vacuum region:

According to the above discussion, it is reasonable to
choose the coaxial cable characteristic impedance 2, = 25.
in the region between the.doubie stub and the antenna and
Zo¢ = 502 in the region between the RF power amplifier and

the double stub to reduce the transport power loss.
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Heat Load

The heat load of the three elements of one antenna and the
Cu coated SS coaxial cable are estimated and tabulated in

Table V~2-1.

Heat in central and return conductors

The central conductor and the return conductor are

made of Cu coated_SS plate. The Cu coating thickness
is about 50um. The length of each conductor is about

1 m and the nuclear heat is about 70 kW for each
conductor. For the estimation of RF power loss, the
current distribution shown in Fig. V-2-6 is used. For
the estimation of the nuclear heat, the space factor of
ecach conductor is assumed tc be 50% because the cooling
channels are required inside the_conductors. The

nuclear heat is dominant in the two conductors.

Eeat in Faraday shield

As the Fafaday'shield must receive the radiaticn load
of about 23 W/cm?’ from the plasma, the heat load in-
cluding the nuclear heat ié similar to the first wall.
Therefore the total plasma radiation heat is about

200 kW and the total nuclear heat is about 200 kW.

The Faraday shield is composed of many pipes so that
the cooling medium can pass through them. In this
estimation, it is assumed that the pipe cross section

is 4 cm x 2 cm, the cooling channel occupys about 10%
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of it, and the total surface area of the Faraday shield

is 0.8 m°.

{3) Heat in coaxial cable

~As the spacially averaged RT current along the coaxial
cable is about 530 Arms, the RF power loss is 2.2 kW/m
and the total RF power loss i1s 50 kW, where the dia—
meter of the inner conductor is 20 cm, the diameter

of the outer conductor is 30 cm, the thickness of each
cylinder is 3 mm., The-total power loss is the loss

for the distance of 25 m from the stubs to the antenna.
The Cu coating thickness is about 50um, which is suffici-
ently larger than the skin depth for 85 MHz. The esti-
mation of the nuclear heat is over estimated value
because it is suppcsed that there 1s the same nuclear
heat along the total length of the coaxial cable. So
the actual nuclear heat of the coaxial cable is less
than the value in the Table V-2-1. The RF power loss is

dominant for the coaxial cable.

2.1.6 Electromagnetic force
{1) Central conductor

{1) The repulsive force between the RF current flowing
the central conductor and the return conductor is
0.1 kg/m at the maximum for the maximum current

about 1.3 kAp in cone antenna.
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The radial force f,; directs to plasma as shown

in Fig. 7 arises on the central conductor because
of the induced current i3 at the plasma disruption.
The current i; is induced by the chénge of the
toroidal magnetic field BT due to the plésma
diamagnetism. The current i; is dependent on the
resistivity of the base material of the coaxial
cablie. The estimated maximum f; for three cdses

are shown as follows;

all Cu coaxial cable : 5.8x10° kg/m”
Cu coated AY coaxial : 4.3x10° kg/m?
cable
Cu coated SS coaxial . 2.5x10° kg/m?
cable

, where the time constant of the plasma current
decay ét the major disruption is 20 ms; the
toroidal magnetic field change of 0.3T is assumed
and the antenna resistance due to the conduction
is ignored in comparison with the total coaxial
cable resilstance.

The fqrce £, can be removed by the use of D.C

break to the coaxial cable between the antenna and

the stub.

The radial force f, is generated by the change

of the poloidal magnetic f£ield B_ at the plasma

P
disruption as shown in Fig. V-2-7. When the central

conductor is constructed by Cu coated S5 plate,

—54—
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f, depends on the thcikness of the SS plate.
f; at the maximum for some thickness of the S5

plate are as follows;

Thickness of 3 mm : 4.5 x 10% kg/m°®

5mm : 7.5 x 10 kg/m®

7 mm : 10° kg/m?
. where the central conductor thickness is 3 cm.
The current i; is induced by the ncormal component
of Bp to the cent;al conductor. This field is
about 0,27, With i, and Br, the electromagnetic
force f; as shown in Fig. V-2-7 arises. For the con-
ductor thickness of 30 mm, f, gives:rise to the
torsion through the bening moment of 925 kg-m.
According to these results the central conductor
and also the return conducteor require apprb—

priate rib structure,

On the end conductor of the antenna the vertical
force f, which has the opposite direction as shown
in Fig. V-2-8 arises from The B and.the induced
current i, results from the Bp change at the
plasma disruption. When the end conductor surface
area is 0.4 mx0.3 m, the force f, at the maximum
is about 30 ton/m? on the one side. This large
force can be reduced to a negligible small value
by dividing the end conductor into the width less

than the skin depth for SS.
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{(2) Fraraday shield

The large current is is induced at the plasma dis-
ruption as shown in Fig. V42—9.by the change of Bp. As
the Faraday shield is located near the first wall
position in this design. - The electromagnetic forces

f: on the front surface and f¢ on the side position

of the Faraday shield are considered. If the Faraday
shield is composed of about 25 pipes, f; and fs for

the one pipe is about 14 kg/m and 40 kg/m, respectively.

In this estimation it is suppesed as follows;
The all pipes are individually insulated and connected

to the header as shown in Fig. V-2-10. As two cooling

pipes extend to the access door, the electrical cir-

cuit is short-circuited at the access dcor.

2.1.7 Mechanical Consideration

Following'the previous discussion about the heat load
and ‘the electromagnetic force £, ~ f£5 at the plasma dis-
ruption, we estimate the mechanical and thermal stress of

ICRF antenna.
{1) Electromagnetic stress
(i) Stress of the central conductor by f; and £

As f, normal to the front and back conductor
surface is 10~% kg/mm?® for the unit area, the

tensile stress o, is straightforwardly 107 *kg/mm”.
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When the torsion due to f3: is supported only by
the end conductor, the maximum torsiconal stress
o3 is approximated by torsion of a rectangular

rod;

.- 925 x 10% . 2
¢: ® 5T312x400%302° &-2 kg/mm

Stress of the end conductor by £,

The torsional moment is 1.51 x 10*kg-cm for the
locaded area of 30 cmx 4.2 cm (skin depth at the
disrupfion). As this moment is supported by the
bottcom wall of the antenna cell, the stress . 1is
small; for the bottom wall width of 80.cm and

the thickness of 2 cm, the stress is

. 4
Gy = 1.51<10 x10 _ 1.4 kg/mmz2

0.333x800%x20°

Stress of the Faraday shield by f£s and fs

The étress Cs results from f: can be estimated

from the étaticaly indeterminate beam model as
shown in Fig. v-2-11-(a).

When the BC side is regarded as a simple support-
ed beam suffered the uniform load, the deflection
angle 9 at B is given by.ﬁ summation of two deflec-
tion angles. The one angle is the déflection at .

B when the AB side subjected to the bending

moment M is supported on the one end and is fixed

_—57—
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on the other end. The other angle is the deflec-
tion at B when the BC side is regarded as a
cantilever suffers M on the both ends. Then we

get the relation

23
i 2

MR, , ML,
24ET =~ 4EI 2ET '

where E, I is Young's modulus and the moment of
inertia area, respectively. For w=1.4x10"°kg/mm,
%1=350 mm and 2,;=800 mm, M is 520 kg-mm.

The bending moment at the center of BC side is

%wlf— M = 600 kg-mm

Then the maximum bending stress on the end o¢f the
rectangular cooling tube with the cross section

of 4 cmx2 cm is given by

Jg =

M 600 .
'Z— —53—60* = 0.25 kg/mm

The stress due to f, as shown in Fig. v-2Z-11-(b) is
estimated from a simple bgam model. If the B and

C ends are not fixed; the AB and CD sides.suffer
the bending and torsion, and the BC side suffers
the shearing and bending. When the loaa w is
uniformly.distfibuted, the maxiﬁum bending stress
0 arises af the center.of AB and CD is

1 2
v 3 - 0.04.350

- o - - -2 ; 2
g7 = 3 1853 410 kg /mm

—58~ .
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(2) Thermal stress

(1)

Stress of Faraday shieid

When the Faraday shield receives the radiation
from the plasma and suffers the nuclear heat
the steady temperatufe distirbution in the shield

is given by the equation for parallel piate;

D1 o, (qu1+dr) o+ dr + dul

ST = =gy XD ;x
where, (r : surface heat load 23 w/cm?
du : nuclear heat 12 w/cm’®
1 : plate thickness 1.5 cm
A thermal conductivity 0.18 w/cm®°C

: heat transfer coefficient 0.55 w/cm?°C

o

In the right hand side of this equation, the first
and second terms are the temperature difference
from the shield surface to the cooling surface,
and the third term is the temperature difference
between the cooling surface and the water. The
Faraday shield structure is shown in Fig. 12.

When the maximum water temperature is 60°C, the
maxXimum temperature in the shield is 350°C at

the shield surface and 85°C at the cooling sur-

face.



(i1)

JAERI-M 82-172

. The thermal stress for the temperature distri-

bution T(z) along the plate thickness is given

py the following eguation,

_ aFE _mal C 3z c
9 =iy { T+2C.ﬂﬂ:sz+§ET /-, Tzdz}
where o : 1.62x107° °C

E : 1.97 x 10% kgf/mm?
v : Poisson's ratio

C : half of the plate thickness as
shown in the next figure;

] | <
C
Plate X

thickness 0 -_ﬁ
C

T (2)
|

For the case of C=7.5 mm the stress of each

position is

Q

5.7 kg/mm?for the shield surface’

-2.8 kg/mm’for the shield center

(@]
n

5.7 kg/mm* for the cooling surface

a
il

Central conductor

The thermal load of the central conductor is
mainly the nuclear heat of 10 w/cm®. According to

Fig. V-2-12, the maximum plate thickness to cooling

60
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surface is 1 cm. As similar to the previous

discussion, the temperature rise AT is given by

AT = - 39
AT 23

du 24 qux N Jqui
A
and then the maximum temperature rise in the

central conductor is 46°C. In this case, the

maximum thermal stress is
5 = 2.5 kg/mm?°

at the cocling surface and the position of 1 cm

from the cooling surface.

(3} Stress assessment

According to ASME Sec. III, the Sm value is 14.1 kg/mm®
for SSs3le. Therefore the all stresses are enough

'allowable.

2.1.8 Antenna Configuration

Regarding the.previousrdiscussion we try to construct the
ICRF antenna for INTOR. _fhe schematic view of the ICRF
antenna instalied in the reacfor is shown in Fig. V-2-13.

The bklind like part is the.Fagaday shield whose peositicn is
nearly the first wall surface. As thé one port has four
antennae, the Faraday shield are divided into four regioﬁ.
The front view of.the four ICRF antennae is shown in Fig.
V-2-14. _The Central conductor, the return conductor, thé end

conductor and the coaxial cable are disclosed in the
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cross sectional View removed the Faraday shield. The return
conductof and the end conductor are fixed in the wall.

The lateral cross sectional view of the ICRF antenna is
show in Fig. V-2-15. The center conductor is very near the
Faraday shield, and the gap spacing of them is 1.5 cm.

The all antenna elements and the coaxial cable have cool-
ing channels.

In Fig. V-2-16 the bird's-eve view of one antenna is shown,
partly omitting the Faraday shield and the side wall. The
vertical entire cross secticnal view of the ICRF antenna in
the reactor is shown in Fig. V-2-17. To reduce the neutron
damage of the ceramics, the feed-through is located behind
the shield. As it is required toc protect the trouble of
the tritium or other radiocactive materials contaminatiOn,
the two feed—tﬁroughs are used to divide the trénsmission

line into two region.

Neutron streaming effects through the bending ICRF ducts
have been studied. Albedo Monte Carlo calculation was
carried out with MORSE—I.cdde to find high.eﬁergy neutron
flux at a deep location in the ducts. A preliminary
investigation shows that.the neutron flux decreases by
cne order of magnitude at each corner of the narrow duct.
Though the statistics of the calculation are not enough
to draw a scolid conclusion, the total neutron flux at the

ceramic feed-through may be the order 10'° n/cm’-s, and

the ceramic could withstand the exposure of 10'°® n/cm®

during the INTOR lifetime.
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It is also expected that the penetration shield thickness
around the RF ducts could be reduced gradually along the
ducts if the narrow ducts are extended outward. More

detailed analysis is in progress.

2.1.9 Power Supply

One of the advantage of ICRF heating is the availability

of the high power vacuum tube of the output power of MW
class. For the power amplifier of 85 MHEHz, TH518 or X2170

is presently available. Their output power is more than

1 MW. It is necessary to drive the one antenna of one port
with the power of about 3.8 MW. When the RF ﬁeating system

is operated in the duty of 10 sec/246 sec, the required power
of one antenna will be generated by two tubes and the total
tube number will be 40 including the redundancy. As it

is usually acceptable that the power efficiéncy of the RF

amplifier is 65%, the power transport efficiency is about
90%, and the power factor of the power supply is about 85%,
the A.C. power supply for the total RF output power of 60 MW
including the redundancy reguires the capacity of 120 MVA

as shown in Fig. V-2-18.
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Fig. V-2-3 V, I distributions along the antenna and the coaxial cable
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Bp

Fig. V-2-7 Electromagnetic force on central
conductor at plasma disruption

£ Return
“ conductor

Central
conductor

[~ £,

Fig. V-2-8 Electromagnetic force on end conductor
at plasma disruption
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I

Fig. V-2-9 Electromagnetic force on Faraday shield
at plasma disruption

{}ﬁp:Bv

header _
’/,.to access door

P

(a)

g

access door

(b}

Fig. V-2-10 Faraday shield short circuit

—60—
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Fig. V-2-11 Stress estimation of Faraday shield
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Fig. V-2-12 Cross sections of faraday shield
and central conductor
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__—~Cooling channel

l.—_ Return conductor
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Central conductor

[————— Faraday shield
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2.1 Specifications

Teotal input power 85 MW

Plasma heating power 75 MW in duty of 10 sec/246 sec
Current drive power 10 MW in duty of 211 sec/246 sec
Maximum available r.f port number -4

Maximum transport r.f power density 4.5 kw/cm?

Interval of waveguide center for plasma heating 3¢ mm

Interval of waveguide center for current drive 18 mm
Long  side width of_wavegqide 125 mm
R.¥ frequency 2 GHz

Launcher Grill type

.2.2 LHRF launcher of plasma heating and current drive

Total injection r.f power is 85 MW. The power of

75 MW is devoted to plasma‘heatiné for about 10 sec
and the power of 10 MW for current drive is injected
in C.W operation.

The waveguide size for the plasma heating is 125 mm
x 28 mm as shown in FPig. V-2-19 and the interval of
them is 36 mm. The waveguide size for the current
drive is 125 mm x 11 mm as shown in Fig. V-2-20 and
the interval of them is 18 mm. The thickness of the
waveguide plate is about 3 mm.

The launcher for the plasma heating, which we call
A type from now, is composed of 48 waveguidés

{lateraly 24 x vertically 2 as shown in Fig. Vv-2-19,
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where the each two waveguides at the right and left
sides are short circuited at the distance of A/4
from the launcher front to improve the radiation
characteristics of the grill). The front size of
the A-type launcher is about_910 mm % 310 mm.

When the number of A-type launcher is 16, the total
number of the waveguide which r.f power passes
through is 640. As the r.f power for one waveguiée
is 117 kW, the power density is 3.3 kW/cm?, which
is smaller than the maxiﬁum allowable density

4.5 kW/cm®.

On the other hand, the launcher for current drive,
which we call B-type, is composed of 56 waveguides
{lateraly 28 x vertically 2 as shown in Fig. v-2-20,
where the each twoc waveguides of both sides are
passive like as A-type launcher.) The front size
is about 550 mm x 310 mm.

When the B—type launcher number is 4, the total
waveguides number for r.f power transport is 192.
The r.f power of one waveguide is 52 kW and the
power density is 3.8 kW/cm® which is smaller than
4;5 kW/cm?.

For both type launchers, the waveguides are con-
tained in a vessel as shOwn.in Fig. V-2-21, The ves-
sel is a water jacket to cool several heat loads of
launcher as mentioned later. In this discussion,
suppose that the launcher length is 1.7 ~ 2 m and

the thickness of the vessel wall is 2 cm.
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Each waveguide is supported by some conducting
plates as shown in Fig. V-2-21. Also there are
longitudinal supporters omitted in this figure in

the vessel.

2.2.3 Mechanical consideration at disruption
(1) Electromagnetic force of launcher

In this discussion, the induced current in the
launcher vessel is only considered, because the
induced current of eaéh waveguide is almost
cancelled by the current, which flows neighbor
waveguides with each other.

First we consider the current i;; induced by the
variation of B as shown in Fig. V-2-22. B is
the normal field tc the launcher front.

B | is about 0.2T on the average. In fact this
field is negligible near the intermediate plane

of the plasma, so the field variation affects

only for upper launchers. The force f£,¢ results
from i;o x Bp and £,; results from i, x(Bp+By),
where Bp is the toroidal magnetic field, Bp is

the poloidal magnetic field and By is the vertical
magnetic field. 1In this estimation, By v 4.3T,

Bp ~ 0.9T ané By ~ 0.6T.

The another current i,, induced by Bp variation

is shown in Fig. V-2-23.

The force fi; results from i, x By and fi:; results

from ii; * (Bp+By).
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Electromagnetic force and stress

A type launcher

The maximum £,, and £;; are about 2.6 x 10°

kg/m and 8;9 x 10° kg/m, respectively, where

the launcher length is 1.7 m. These fofces

give rise to the shering stress at the long side
corner of the launcher. The maximum stress is

approximately given by

_F_26%310+8.9%910

2
o=3 S0x 1700 ~ 0.5 kg/mm

The maximum f£,, and f£;3 are about 1.8 x 10%
kg/m and 2 x 10* kg/m? for unit area, respec-
tiveiy. On the top and bottom surfaces of the
launcher, the bending moment arises from the

force fi, . The maximum bending stress is given by

A~ 3 x-10"*% kg/mm?

&3 =

where Z ~ 5.4 x 10°%° mm® for a box model.
The another stress is tensile due to f,; on the
side wall of the launcher and is straightfor-

wardly 2 x 10-?% kg/mm®.
B type launcher

The all forces and stresses can be discussed

like as the previous estimations. The maximum

f;, and f,; are about 1.4 x 10" kg/m and

4.9 x 10° kg/m, respectively. Then the shering

stress due to these forces is
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g~ 0.2 kg/mm?

The maximum f,2, and f£.,3 are about 3.7 X 10"
kg/m and 4 x 10" kg/mm?, respectively. So the

bending stress due to £;2 1is
g~ 1 x 10~% kg/mm?

The tensile stress due to f;3 is about 4 x 1077
kg/mm?.

The above estimations are summarized in Table V-2-2.

{3} Assessment of stress

According to ASME Sec.IT, as Sm is 14.1 kg/mn?
for 88316, all stresses are enocugh allowable.

The launcher can endure to the plasma disruption.

2.2.4 Heat load of launcher

There are some heat loads of the launcher. The
launcher suffers the nuclear heat in everywhere and
receives the plasma radiation load on the front:
surface and the waveguide inner surface. Although
there is the r.f loss in the waveguide, it is much

smaller than the other loads.
{1} Heat load of waveguide

The inner cross sectional size of the waveguide
is 125 mm x 28 mm for the plasma heating and
125 mm x 11 mm for the current drive. The plate

thickness of the waveguide is 3 mm. Then the
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nuclear heat for both waveguides is about 100
W/cm, wheré the nuclear heat rate is about 12
W/cm®., The total nuclear heat of the waveguide
in a launcher 1is about 700 kW for A type and
about 800 kW for B-tvpe.

The r.f loss for both waveguide sizeg is about
2 W/cm, which can be negligible in comparison
with the nuclear heat.

The estimation of plasma radiation is rather
complicated, because the radiation intensity 1is
reduced with the distance from the waveguide
aperture and on the other hand there is the
reflection of the radiation inside the waveguide.
However the total radiation load incident from
the aperture can be easily obtain. The total
radiation load for one waveguide is about 810
watt for A-type launcher and about 320 watt for
B-type launcher. They can be also neglected in

comparison with the nuclear heat.
Heat load of launcher vessel

When the wall thickness of the vessel is 2 cm,

the total nuclear heat is about 900 kW for A

type and about 600 kW for B type. As the launcher
front receives the radiation load of 23 W/cm?

from the plasma, the total radiation load includ-
ing the radiation load of the waveguide is about

70 kW for A-type launcher, and about 40 kW for B-type
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launcher. Then the total heat 1cad of the launcher is

700 + 900 4+ 70 ~ 1.7 Mw for A type,

800 + 600 + 40 ~ 1.5 MW for B type

These heat loads are listed in Table v-2-3.

2.2.5 Conceptual design

When a launcher for plasma heating is composed of
48 waveguides, 16 A-type launchers are required to
inject the r.f power of 75 MW. while for a current
drive launcher composed of 56 waveguides, 4 B-type
launchers are regquired to inject the r.f power of
10 MW.

The port size is horizontally about 2 m and vertic-
ally about 3 m. As the less r.f port number 1is
desirable from the point of view of large branket
space, we design the two type structures as shown
in Fig. V-2-24,

The one is composed of only A-type launchers as
shown in Fig. V-2-24-(a). Two ports of this type
are reguired in this design.

The anéther is com?osed of 4 A-type launchers and

4 B-type launchers as shown in Fig. V-2-24-(b) .

The 85 MW r.f power can be injected by above three
ports, which is.less than the ICRF heating system
by one port.

The total view of the'A—type'launchers in the reac-

tor is shown in Fig. V-2-25. The front surface of the
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launcher is set as same as the first wall position
from the plasma surface. The launcher cross section-
al view is previously shown in Fig. V-2-21. The launcher
vessel and the waveguide are made of stainless steel.
The waveguide inner surface is coated Cu to reduce

the r.f loss and further the waveguide surface near
the aperture has TiC coating layer to protect the

high frequency discharge.

As the launcher suffers the some heat loads, it is
cooled by water. Although there are many supporters,
the cooling water can pass through the each gap
between the waveguides. The launcher vessel has the
role of the water Jjacket.

To avoid the trouble of the many waveguides connec-
tion near thé access door, particularly in the

vacuum region, it is desirable to use the multiwave-
guide connecteor as shown in Fig. V-2-26. The connec-
tor has the saﬁe structure compared to the launcher,
such as it has the vessel contains the coolant.

The total cross sectiohal view of the R.F port is shown
in Fig. v-2-27. The flux of.wavéguides are located in
the shield. |

A preliminary investigation of penetraticn shield

for the LHRF duct was carried out. Since the RF duct
is filled with parallel waveguides by 34%, streaming
neutrons which have vertical direction will be attenuat-

ed by these waveguide materials. One dimensional
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neutron transport calculation for a homogeneous mixture
of 55 and air shows considerable decreases of neutron
flux in the duct. These results éuggest us that a
necessary shield thickness around the duct may be as
small as 50 cm at a distance of 4.6 m from the duct
entrance.

The first corner of the RF duct is striken by high
energy neutrons from the plasma directly. It 1is
estimated that about 70 c¢cm thick shield of SS may be
needed to keep the dose rate below 2.5 mrem/h outside

the duct surface at 24 hours after shut down.

.2.6 Electric power supply

Suppeosing the transport efficiency of the waveguide
system of 50%, that is -3 dB, we obtain the total
cutput power of 170 MW from the R.F power amplifier.
Because of the recent development of high power
klystron, the MW class klystron can be available.
When the 1 MW klystron like as the one for JT-60
LHRF heating system is used, the total klystron
number is 180. If the klystron for plasma heating
can be operated with the r.f output power of 3.74
MW in the duty of 10 sec/246 sec, the klystron
number for plasma heating will be 40 and the total

klystron number will be 60, including 20 klystrons

of 1 MW output power for current drive with the
cbntinuous operation. As 50% power efficiency of

the R.F amplifier and 85% power factor of the
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rectifier and transformer can be usually acceptable,
the A.C power supply reQuires the capacity of 400 MVA,
which. is much iarger than the ICRF power supply.

About 350 MVA of it 1s devoted to plasma heating

with the operation of 10 sec/246 sec duty. About

50 MVA reguires the continucus power supply for

about 200 sec.
The diagram of power supply of LHRF heating system

is shown in Fig. V-2-28 for the power amplifier

with I MW-klystron.

2.3 Electron cyclotron wave launching system

No contribution to this subsection.
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Electromagnetic force and stress at disrup-

tion, where os is the shering stress due to

fi1o and £,,, ob is the bending stress due to
f,,, and ot is the tensile stress due to f,
Force and stress | L1UDCRCR 0T | Carrent drive

£, (kg/m) 2.6 x 10" 1.4 x 10°

f1:1 {kg/m) 8.9 x 10° 4,9 x 10°

£f1, (kg/m) 1.8 x 10° 3.7 % 10°

f1; (kg/m®) 2 x 10" 4 x 10"

cs (kg/mm?) 0.5 0.2

ob {kg/mm?) 3 x 1077 1 x 10-*2

ot {kg/mm?) 2 x 10-°2 4 x 107°

Table V-2-3 Heat load of launcher

Launcher for plasma

Launcher for current

Heat load heating drive
Waveguide Vessel | Waveguide Vessel
700 900 800 600
Nuclear heat
(kW) 1600 1400
Plasma radiation 40 30 20 20
(kW) 70 40
r.f loss P '
(kW) ‘ 14 16
Total heat locad
of one launcher 1.7 1.5

(MW)

— 8'6._
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Fig. V-2-22 Induced current and electromagnetic force
of LHRF launcher

{} Bp, By

B

Fig. V-2-23 Induced current and electromagnetic
force of LHRF launcher
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Fig. V-2-24 R.F. port overview; (a) for plasma heating,
(b) for plasma heating + current drive
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Fig. V-2-28 Schematic diagram of power supply
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3. Conclusions and referece heating system

The physics data base for heating in the ion cycletron range
of frequencies (ICRF) has improved especially in PLT experiments.
Benchmark calculation of INTOR plasma heating by the second
harmonic deuterium mode is carried out and it is found the
strong single pass absorption occcurs when Ti(o) >1 keV and centrel
deuterium heating is dominant when Ti{o) <10 keV and electron heating
with a fairly broad spatial distribution progressively supplants the
ion heating as the electron temperature increases. Preliminary calcu-
lations of ignition approach by ICRF heating are made by one dimensional
trasport code with power deposition profile given in benchmark calcu-
lation. It is shown that heating power of 50-70 MW is enough to ignite

the INTOR plasma. For an ICRF launcher, 2 x 2 arrays of loop antenna

-per one port is designed to feed 15 MW.

Lower hybrid heating (LHH) is attractive because of the engineering
simplicity of its wave guide launching system. Although data base of
high power heating experiments is not sufficient yet, several plans of
multi-mega watt heating experiments are being prepared. Numerical
simulation of lower hybrid heating in INTOR plasma is carried out and
it is shown that the real time feedback control of RF parameters of
phase difference, power and frequency is necessary and satisfactoery
heating efficiency can be expected for optimum heating performance.
Concepts for launching structure of wave giude is provided teo feed
85 MW from 4 ports. Current drive by lower hybrid wave has been
demonstrated by JFT-H and a number of Tokamaks and form a generally
consistent picture. Preliminary estimation of RF power deposition
and generated current profiles are carried out by use of Fokker-

Planck equation coupled to an energy loss term and guasi-linear



|

JAERI-M 82-172

diffusion term. However data base at the present time still remains

inadequate for contemplating using this mechanism for steady state

concept of INTOR primarilly due to its limitation to low density

operation.

The observation of current ramping by LH waves not only gives

credence to current ramp-up in INTOR start-up period, but also to a

revised mode of operation possessing a number of attractive features.

The items of LHH and the current drive should be the important items

of R and D.

Relative advantages and disadvantages of ICRF, LHH and NBI are

considered for the referece heating method of INTOR plasma. The

following points are considared as important items,

iy

2)

3)

4)

ICRF experimental status: During the past three years ion cycoltron

heating has made considerable progress (Ti{o) 3.5 keV by 3.2 MW
in PLT). There is convergence between the theoretical models and
experimental results
LHH experimental status: Data base of LHH in high power level is.
not adequate yet at the present time. The heating efficiency of
LHH is somewhat less than those of ICRF and NBI. However several
plans of multi-mega watt experiments and being prepared and the
experimental and theoretical studies of current drive by lower
hydrid wave is in rapid progress.

NBI experimental status: these is more experience with NBI than
with ICRF

Global technological and economical considerations make ICRF and
LHH more desirable than NBI for use on a reactor, because of the
remoteness of sensitive components from the reactecr core, higher

system efficiency and easier maintenance.
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On the basis of these consideration it is recommended that ion
cyclotron heating be adopted as the reference heating method for the
INTOR phane T A design concept, although it is recognized that this
choice entails a somewhat higher physics risk. Neutral beam heating
is taken to be backup option and hower hybrid heating and the current

drive are to be important items of R and D.
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