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The antenna using poloidal power divider is an effective method for simplification
of Lower Hybrid Current Drive (LHCD) antenna system. This method should allow
to reduce the power density in the antenna while maintaining a good flexibility of
N, spectrum of waves. For this purpose, three types of poloidal power divider
which split the power in three, and the 3 X 6 multi-junction module were developed.
r.f. properties and outgassing of these components were evaluated using the CEA
Cadarache RF Test Facility.

A good power dividing ratic of 33 £ 49 was obtained for each of these poloidal
dividers, and the reflection coefficient was lower value than 1.5 %. For the 3 X 6
multi-junction, reflection coefficient was less than 1.39% and r.f. losses lower than
1.0 % were measured. On the other hand, it was found in the scattering matrix
analysis that reflection coefficient at plasma has to be less than a few 2% in order
to operate these components under available conditions. In combination with two
poloidal power dividers connected to the 3 X 6 multi-junction module, guasi stationary
operation for r.f. injection time of 1000 sec at 300 kW was demonstrated under water
cooling. In this case, it was found that the outgassing rate is in the lower range

of 107" Pam®s 'm™ within the maximum module temperature of ~100 °C.
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This report describes the experimental and analytical results of a new lower

hybrid (LLH) antenna module using the poloidal power divider.

Keywords: LHCD, Antenna, Poloidal Power Divider, R.f. Property, Qutgassing
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1. INTRODUCTION

In order to provide a steady-state current drive in a tokamak plasma, non-
inductive current drive is indispensable for a steady-state tokamak reactor. Lower
Hybrid Current Drive (LHCD) using the Lower Hybrid Range of Frequencies (LHRF)
is one of the promising method and LHCD experiments for the physical and the
technical study have been performed on JT-60U, Tore Supra, JET, TdeV tokamaks
and others[1-4]. For a launcher design in future LHCD system, evaluation of
outgassing from a waveguide during a high power and a long pulse r.f. operation, is
essential issue, because the increase in outgassing due to the temperature rise of the
waveguides, may cause r.f. breakdowns.

On International Thermonuclear Experimental Reactor (ITER) Conceptual
Design Activities (CDA), it was reported that difference in outgassing rates of more
than two orders of magnitude between JAERI and CEA. Namely, the outgassing rate
of an antenna module on JT-60U was evaluated to be 10-6 Pa m3 s-1 m-2 at the
waveguide temperature of 250 °C [5), while the outgassing rate on a Tore Supra
antenna module was measured to be 104 Pa m3 s-Im-2 at 300 °C [6]. This difference
has not been known whether it was caused by a low pre-baking temperature, pulse
length, r.f. conditioning or antenna material. Cooperative activities between JAERI
and CEA, therefore, started to obtain a detailed outgassing database. r.f. test were
performed at the CEA Cadarache RF Test Facility which allowed high power injection
up to 500 kW, under quasi-continuous operation at a frequency of 3.7 GHz.

The cooperative activities have been planned in two steps at the CEA Cadarache
RF Test Facility. For the first step, outgassing experiment was carried out with the
test module T in 1993 [7~8]. This test module | was an E-plane muiti-junction with 4
secondary waveguides in the same row. This module was made of Dispersion
Strengthened Copper (DSC) by JAERL The DSC combines high mechanical property,
up to 500 °C, even under neutron irradiation, with high thermal conductivity. The
module was assembled by diffusion bonding method.

Test module I was successfully tested at the maximum r.f. power of 450 kW
during 120 sec and very long operation up to 6,000 sec was achieved at a density
power level of a 50 MW m-2 and a temperature up to 500 °C. Outgassing rats under
high power and long pulse operation after good pre-baking and r.f. conditioning were
evaluated to be of the order of 10-6 Pa m3 s-1 m-2 at 300 °C, which were almost the
same as one from stainless steel. It was deduced from the database that the outgassing
rate is strongly dependent on pre-baking temperature and waveguide temperature during
r.f. operation but is quasi independent on r.f. power after r.f. conditioning. This
outgassing result agreed with measurements done on a JT-60U antenna module within
one order of magnitude. On Tore Supra, the measured outgassing which is dominated
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by desorption / recycling at the antenna mouth, might be consistent with such low
outgassing rates for the waveguides.

In order to extend the outgassing database to a more realistic LHCD antenna
module, more advanced r.f. components were designed and fabricated for Test Module
11, as a second step of the collaborative activities.

In the LHCD antenna module, the r.f. power has to be spllt either in the
poloidal or in the toroidal direction (or in both directions) in such a way that the port
area is used as much as possible to reduce the power density in the waveguides. In the
JT-60U LHRF system, wide (12 waveguides) toroidal multi-junction modules are
used [9]. Ny flexibility (1.5 ~ 2.3) is obtained by tuning the klystron frequency (1.74
~2.23 GHz). With such conditions, power has been coupled to the plasma up to a
power density of 21 MW m-2, Tore Supra antennas use a combination of 3-dB
poloidal divider (hybrid junction) and rather narrow (4 waveguides) toroidal multi-
junction. In this case, the Ny flexibility (1.4 ~ 2.3) is performed by changing the
phasing between modules at a fixed frequency (3.7 GHz). With these antennas, a
IMA plasma current has been driven for 1 minute with 3 MW of LH power (power
density : 18 MW m2) [10].

For large antennas at high fixed frequency (25 GHz), poloidal power dividing
systems having at least three outputs will probably be needed in combination with
reasonably wide multi-junctions (~ 6 waveguides) to keep a control on the Ny. For this
reason, we designed and developed different types of poloidal power dividers (3
secondary waveguides) and a rather large multi-junction module (3 x 6 waveguides).
Moreover, this power dividing method has an advantage of simplifying LH system by
decreasing number of transmission lines.

JAERI developed and manufactured one poloidal power divider to be labeled
PPD, and the 3 x 6 multi-junction module. On the other hand, an E/H plane multt-
junction to be labeled E/H MJ and a mode converter to be labeled MC, were developed
and manufactured by CEA. For these components, low power tests were first
performed, then r.f. properties, withstand voltage and outgassing were evaluated
under high power and long pulse operation from March to November 1994,

This report will describe results of the test module II. In section 2, r.f.
components are related. Low power test results of r.f. components and analysis results
are presented in section 3 and 4, respectively. High power test results under long
pulse operation are presented in section 5, and these results are discussed in section 6.

The last section provides conclusion.
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2. R.F. COMPONENTS

2.1 Background

For a stable high power LH injection into a steady-state tokamak, large Ny
controllability and fow power density are required. In order to fulfill these
requirements, it is needed to divide r.f. power in the poloidal and toroidal directions.
Two types of power dividers were considered. The first type divider provides r.f.
power into the secondary waveguides by using single eigen-mode in the divider. The
second one serves r.f. power by means of multi eigen-modes. JAERI and CEA have
decided to test three different poloidal dividers. One of the first type is labeled the E/H
MJ (CEA), and two of the second type are labeled the PPD (JAERI) and the MC
(CEA), respectively. All these power dividers were designed to be able to feed the E-

plane multi-junction which consists in three rows of six secondary waveguides.

2.2 CEA E/H plane multi-junction and mode converter

Two types of poloidal dividers were built. The first, the E/H plane multi-
junction (E/H MJ) which has only one eigen-mode (TEg1), was carried out. The E/H
MI takes advantage of the E-plane multi-junction to split the power in three reduced-
section (10 x 76 mm?2) for secondary waveguides from a standard waveguide, as it is
currently used on present-day LH antennas. Upper and lower secondary waveguides
are twisted in the poloidal direction, and then each secondary waveguides are widened
with a linear taper in order to lead to three quasi-standard waveguides 40 x 76 mm?2
lined on the same column. A step phase shifter in the central output waveguide insures
the good 0 1t 0 phasing in such a way that combination of the 3-waveguides produces
the TEg3 mode at the output. This component with length of 746 mm long is water
cooled by channels located on the top and the bottom of the waveguides (Fig.1). The
waveguides were made of Oxygen Free High Conductivity (OFHC) copper plates and
the cooling pipes from OFHC copper extruded rods. Assembling was achieved by
electron-beam welding. The copper-coated stainless steel input/output flanges were
welded by the same technique. Pumping holes, drilled with a spacing of Ag/4 and a
diameter of 5 mm at mid-height of the main waveguide as well as the secondary
waveguides, insure a good conductance and a low pressure gradient.

The second component is the combination of a raised cosine taper which
enlarges the height from 76 to 192 mm and a quasi periodic TEg1-TEg3 mode converter
with a constant beat wave number along the propagation direction. In order to get a
quasi perfect mode conversion efficiency, this MC includes 3.5 beat wavelengths.
This component with length of 960 mm is water cooled by channels located on each
large side (Fig.2). Fabrication was made with the same materials : OFHC copper for
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the waveguides and cooling pipes, stainless steel for the flanges. The same
assembling technique of e-beam welding was used as one for the E/H MJ. Large
deformation of the small size of the waveguide occurred during fabrication process : a
detailed metrology indicates a width of 40.68 + 0.46 mm while 40.2 + 0.2 mm is
required, and a second piece was built with the required accuracy. A linear taper
length of 250 mm was also fabricated to enlarge the internal height from 192 to 236
mm. This part is divided by three in the poloidal direction, which was made also of
QFHC, and water-cooled. '

In order to make tests in combination with JAERI components possible, a
transition waveguide which connects CEA components of the width b=40 mm with
JAERI components of width b=61 mm was fabricated from OFHC. The transition
lengthis L =260 mm, and also water-cooled on top and bottom.

2.3 JAERI poloidal power divider and 3x6 multi-junction module
2.3.1 Design concept

CEA developed a mode converter with TEg3 as mentioned in section 2.1. On
the other hand, JAERI designed a poloidal power divider using three eigen-modes :
TEg;, TEgs. TEps. The JAERI poloidal power divider was developed under the
following concepts :

- should be compact ( as short as possible )

- should have good r.f. properties as low reflection and balanced power

dividing

These r.f. properties must be realized in combination with the 3 x 6 multi-

junction. A photograph of the JAERI components is shown in Fig.3.

2.3.2 r.f. components
Poloidal Power Divider (PPD)

JAERI fabricated PPD as shown in Fig. 4. Total length of the power divider is
as short as 600 mm. Function of the power divider is to transmit r.f. power from input
waveguide to following sub-waveguides with low reflection. This divider was made of
DSC of 2 mm-thick plate, and was assembled with Ag-Cu brazing. The divider has
flanges to connect with the other components at both ends and has cooling pipes to
remove heat load and then to allow stationary conditions. The flanges and the cooling

pipes made of stainless steel were attached by brazing.
The 3 x 6 Multi-junction Module (3x6 MJ}

Dimension of the 3 x 6 multi-junction module (3 x 6 MJ) is indicated in Fig.5
and 6. This 3 x 6 MJ is composed of two sections : a three poloidally-divided section
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and the 3 x 6 MJ section as shown in the figures. The three divided section exists
between PPD and 3 x 6 MJ, TEq; and TE;1 modes can propagate in that section. The
length of 100 mm in the section is required to decrease effect of higher modes at input
junction, but this length is close to one guide wavelength of TEg; mode so that
reflective waves at output junction may affect total r.f. behavior. Only TEg; mode can
propagate in 3 x 6 MJ. Phase shifter of 60 deg is located in the middle stage. The 3 x
6 MJ was made of DSC as same as the poloidal power divider, but was fabricated by
diffusion bonding method developed for assembling of Test module I. The 3 x 6 MJ
has also flanges and cooling pipes.

Supplementary Phase Shifter(SPS)

A supplementary phase shifter (SPS} has to be added to adjust the total phase
difference in poloidal direction to be 180 deg in order to ensure a good wave
recombination when testing with E/H MJ or MC. Sketch of the SPS is shown in
Fig.7. This phase shifter produces phase difference of 60 deg. It has to be noted that,
on plasma, phase difference of the PPD in poloidal direction is not a constraint,
because effect of the poloidal phase difference was not observed in LHCD experiments.
This part was made of stainless steel with copper plating and was assembled with
welding. it has also cooling pipes for CW operation.

3. R.F. PROPERTIES IN LOW POWER TEST

3.1 CEA components
3.1.1 E/H plane multi-junction (E/H MJ)
3.1.1.1 Theory
The scattering matrix of the E/H MJ was computed using LSE |, modes and

mode matching technique [11]. The tapers in the E-plane has been optimized using
equivalent circuit for E-plane step [12]. The linear tapers are divided into a cascade of

steps along the longitudinal direction.

3.1.1.2. Experiment

At 3.7 GHz, the standing wave ratio of -29.5 dB for a symmetric taper and -22
dB for a dissymmetric one were measured, while the calculated values were -25 dB
and -22 dB, respectively. For the E/H MJ, the following main parameters were
measured and compared to the theoretical values :

- the reflectivity at the input

- the power dividing ratio

- the relative phasing at the outputs
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A phase shifter was located in the central waveguide, and the phase difference
between central and lateral waveguides was designed to be 180 deg. As shown in
Table 1, a fairly good agreement between measurements and calculations was

obtained.

Theoretical  Measured

Reflectivity (dB) 25.5 29.7
33.0 33.6

Power div. ratio (%) 33.7 31.1
33.0 32.8

0 -87

Phasing (deg) 180 105
0 -88

Table | Measured and theoretical r.f. properties of
the 3-waveguide E/H plane multi-junction

3.1.2. CEA mode converter
3.1.2.1. Theory

The MC was studied using the telegraphist equation [13] in which was taken
into account :

- the coupling coefficient between TEpg modes.

- the backward and the forward wave for each mode.

The theoretical power in forward and backward direction for the different mode
is given in Fig.8, which depends on the longitudinal direction[14,15].

3.1.2.2. Experiment
Three different methods are used to check r.f. properties:
- a) measurement of the total electric field by an electric probe
- b) measurement of the scattering matrix
- ¢) measurement of the far-field radiated pattern

a) Measurement of total electric field by an electric probe

From total electric field measurements, the mode content of the forward and
backward waves can be solved. Linear equations system requires 2N measurements to
solve this problem, assuming that N modes are propagating. Accordingly, the
electric field is measured at N positions in the transverse direction, for two positions in
the longitudinal direction. These measurements were performed on a three-waveguide
poloidal junction (PJ), connected to the MC output and terminated with three matched
loads. In Fig.9, the mecasurements of amplitude and phase versus the transverse
direction are indicated by open dots. The solid line indicates the computed field which

i6_
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is calculated from coefficients of each mode in forward and backward direction. It can
be checked that the shape of the electric field, in amplitude and phase, corresponds to
a quasi pure TE3p mode. Using the deduced coefficient of each modes for the forward
and backward wave, the total electric field can be calculated as a function of the
longitudinal coordinate in an oversized waveguide between the MC and the PJ. In
order to evaluate total electric field pattern along the propagation direction (Fig.9), the
ratio of the amplitudes at two peeks yi/a =1/6 and y2/a=1/2 is plotted as a function of
the longitudinal coordinate (Fig.10). For these two poloidal locations yj and y2, the
phase difference expected to be 180 deg. It was observed that the ratio of amplitude
and phase difference are quite constant. It showed that the power dividing ratio does
not depend on an oversized spacer set between the MC and the PJ. In Fig.11, the
dividing ratio is plotted as a function of the thickness of the spacer. The variation is
small and is in agreement with the results given in Fig.10. From this mode content
analysis, the measured mode conversion efficiency from the TE g mode to the TE3g
mode is 99 %, while the computed value is 98.7 %. The same measurements and
calculations were done when the MC was radiating in free space. The same values
were obtained, and this result showed a stable behavior of this MC with respect to

boundary conditions.

b) Measurement of the scattering matrix of MC + PJ.
As for the scattering matrix of MC+PJ, main parameters were measured and

compared to theoretical values. Results are given in Table 2.

Measured Theoretical

Reflectivity (dB) 18.5 17
30.2 31.4
Power div, ratio (%)  33.1 352
' 30.2 314
66 -150

Phasing (deg) -108 31
65 -150

Table 2 Measured and theoretical R.F. properties of MC + PJ

- ¢) Measurement of the far-field radiated pattern of the MC
The E-plane electric field was measured with an electric probe in the far field of
the MC. This probe can be moved in angle in the H-plane with a constant distance
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between the output axis of the MC and the probe. The amplitude and the phase of the
measured electric field were in very good agreement with values to be computed from

the theoretical radiated pattern of the TE3g mode (Fig.12).

These results can give the following two main conclusions :
- Different techniques are useful as cross-check of conversion efficiencies,

- Experimental results agreed with theoretical values.

3.2 JAERI components
3.2.1 Outline of JAERI components

The set-up for JAERI components is shown in Fig.13. Tt is composed of the
PPD, the 3 x 6 MJ and the SPS. S»; parameters measured by a network analyzer, as

shown in Fig.13, are as follows :

Stage Power dividing Phase Phase difference
ratio

Top 32 % -144 deg. 184 deg.

Middle 37 % 40deg. -

Bottom 30 % -146 deg. 186 deg.

Power reflection coefficient is less than 1 %.

3.2.2 The 3 x 6 multi-junction module
Measured phase differences of the 3 x 6 MJ in Fig.14, are as follows :

Between Measured value Design value
Top and middle stage 63 deg. 60 deg.
Middle and bottom stage 64 deg. 60 deg.

A reflection coefficient less than 1.2 % and r.f. losses less than 1.0 % were measured
for each stage. These were in good agreement with the calculated r.f losses (0.85 %).

3.2.3 Supplementary Phase Shifter
The measured phase differences of the SPS (Fig.15), are as follows:

Between Measured value Design value
Top and middle stage 61 deg. 60 deg.
Middle and bottom stage 61 deg. 60 deg.
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3.2.4 Poloidal Power Divider
Measured phase differences are reported in sections 3.2.2 and 3.2.3. The

phase difference of the PPD were only calculated as follows :

Between Calculated value

Top and middle stage 60 deg.
Middle and bottom stage 61 deg.

A poloidal dividing ratio was adjusted by inserting a non 3-divided spacer
between the PPD and the 3 x 6 M. It was also found that the poloidal dividing ratio is
sensitive to the length of the 3-divided section (Fig.16). These 2 parameters were
varied and it was found that :

- when a spacer width of 2 mm is installed, the power dividing ratio is

optimized to 33 + 4 % .(Fig.17)

- when the three-divided length is increased from 100 to 127 mm, the power

dividing ratio of the middle stage is improved from 45 % to 35 % (Fig.18).

3.2.5 JAERI components on short circuit

r.f. properties on short circuit were measured by adding a plate to the SPS
outlet, as sketched in Fig.19. The dependence of the S parameter (reflectivity) on
frequency is shown in Fig.20. An amplitude of -0.174 dB was measured at 3.7 GHz
and consequently the r.f. losses reached 4 % of the incident power. On a matched

load, r.f. losses were expected to be no more than half this value.

3.2.6 Development of poloidal power divider at JAERI

Before fabrication of high power components, mock-ups were designed at 2.2
GHz to study r.f. properties of poloidal power divider (PPD) at low power. The basic
idea of the PPD is shown in Fig.21. r.f. power of the TEp; mode is injected from the
input, the TEg mode is gradually converted into TEq3 and TEgs modes as transmitting
in longitudinal direction in order to fulfill boundary conditions of PPD. Profile of r.f.
power in PPD is governed by combination of these modes. By optimizing the
configuration, the r.f. power profile can have 3 equal peaks at the output of PPD. The
r.f. power may be transmitted into 3-divided waveguides with the same ratio.

In order to be compared to the 3.7 GHz PPD, total height at the output (which
includes 2, 2-mm thick, septum ) was scaled with the 2.2 GHz PPD in the ratio of the
frequencies :

a2.2 GHz = (3.7/2.2) * a37GH:
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The longitudinal length was optimized from measurement results with the 2.2
GHz mock-up. As a preparation of 2.2 GHz-mock-up, r.f. properties were first
carried out at 1.7 GHz with a network analyzer, since it is easier to understand
behavior of PPD having TEg; and TEg3 only. In this case, the r.f. properties are
reproduced by a simple model such as :

- TEp1, TEq3 forward wave only

- initial phase at inlet of the poloidal power divider

0 deg for TEg; mode
180 deg for TEg3 mode

- amplitudes Agj, Ag3a are free parameters
Fitting parameters of Agj and Agj3 are found to be :

Ap1=0.3, Ap3=0.8 at inlet of PPD

Ap1=0.6, Ap3=0.6 at outlet of PPD
when comparing between measured and calculated r.f. properties.

By using this simple model, a PPD with TEg;, TEp3 can be designed to
provide r.f. power in three waveguides lined in poloidal direction as shown in Fig.22.
Figure 22 indicates that total length should be 0.44 m for PPD of 0.18 m width to
achieve the same power dividing ratio. In the case of 0.585 min length, the PPD of
0.18 m in width may also provide good dividing ratio, but total length is unnecessary
longer. Figure 23 shows r.f. profiles at the optimized PPD output (L=0.44m, X=0.18
m) width. Both amplitudes of TEg; and TEg3 were the same and total power was 3
times of the amplitudes. Figure 24 illustrates r.f. power density profile in this PPD.
Distribution of r.f. power was changing along longitudinal direction, the same
amplitude was obtained at the output as mentioned above.

In the case of 2.2 GHz, it is more complex to analyze r.f. properties due to
three propagating modes : TEgt, TEg3, TEps. After R&D using some hand-made
PPD's, a good prototype of a PPD was obtained as shown in Fig.25. Width of the
PPD is 396.62 mm and length is 364 mm. Three following waveguides are terminated
by loads. r.f. properties at 190 mm from junction in 3-divided waveguides is
illustrated in Fig.26, reflection coefficient in input waveguide was 1.4 % and power
dividing ratio was 35+4%. Phase difference in poloidal direction was 120+5 deg. By
applying the simple model to the PPD, each mode conversion ratio at the end of power
divider was obtained as shown in Table 3. This calculation result explains the
experimental power dividing ratio as shown in Fig. 27, but phase difference was
expected to be around 60 deg while phase difference was measured to be 120 deg. It
should be pointed out that r.f. property is sensitive in oversized waveguide section of
3-divided waveguides. Both power distribution and phase distribution measured at
different positions are changing in these section as shown in Fig.28. Higher modes

. 10_
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excited at a junction may affect r.f. properties. The measured phase distribution at Z =
95 mm from junction resembles the calculated one in Fig. 27.

Unfortunately, length of PPD for 3.7GHz is short by 8 mm compared with the
correct one dug to error in calculation ; length should be 364 x 2.2/3.7 ~ 216mm while
that the PPD is indeed 208 mm. The deviation in electrical length is about 35 and 30
deg for TEq) and TEg3 mode, respectively. This may affect extrapolation from 2.2
GHz PPD to 3.7 GHz PPD.

For the 3.7 GHz PPD, conversion efficiencies were obtained in the case of 3
experimental set-ups : 1) with the PPD connected to the PJ on load, 2) with the PPD
radiating in free space, 3) with a 3-divided waveguide as on Fig.27, using Fourier
transform method (Fig.29). These results are compared with results obtained from the
2.2 GHz mock-up (Table 3).

Mode 2.2 GHz with PJ on free space with 3-divided
mock up waveguide
TEo! 53.0 % 554 % 44.4 % 515 %
TE03 31.4 % 31.6 % 52.2 % 33.6 %
TE05 155 % 13.1 % 34 % 129 %
TE07 2.0%

Table 3. Conversion efficiency of PPD for different set-ups

When the boundary conditions are very different (radiating on free space),
conversion efficiencies are strongly affected : this sensitivity indicates some resonant
behavior of this component.

Like for the MC (Fig.9), the total electric field at the output of the PPD in an
oversized waveguide as a function of the longitudinal direction was computed (Fig.30).
The electric field at mid-height of the lower stage normalized to the electric field at the
same position of the central stage is quite large but it exists a range of length in the
longitudinal direction for which the phase difference is quasi constant. It must be noted
that the experimental phase shift of 75 deg is verified. These results can be compared
with the measurement of the power dividing ratio when the thickness of a spacer
installed between the PPD and the 3 x 6 MJ is varied (Fig.17 and 18). The agreement
is quite good.

Scattering matrix of this PPD was measured; the matrix is symmetric but is not
unitary as shown in Table 4. This result shows that we have to obtain good coupling
property with this type power divider, because reflective waves in particular when
there are non-symmetric, lead to the r.f. losses in the system as indicated by a non-

unitary matrix. (See next section 4.1 for scattering matrix in detail)
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0.114, ( 61) 0.603, ( -1) 0.575, (102) | 0.596, ( -1)
0.602, ( 3) | 0.371, (153) | 0.205, (-73) | 0.631, ( 35)
0.582, (101) | 0.200, (-70) | 0.620, (160) | 0.322, (-58)
0.589, { -4) 0.631, ( 35) 0.324, (-58) | 0.247, (155)
Table 4. Scattering matrix of mock-up (2.2 GHz)'

3.3 Combination system
3.3.1 JAERI components + CEA E/H plane multi-junction

A schematic drawing of the combination system in which that JAERI
components are combined with CEA components, is shown in Fig.31. CEA
components are composed of the E/H MJ and transition waveguide to adjust length in
E-plane direction. Dependence of S31 parameter (amplitude and phase) on frequency at
the 3 x 6 MJ temperature of 50 °C is shown on Fig.32. At 3.7 GHz, r.f. losses were
affected by the resonant and a S amplitude of -2.198 dB was measured, which
corresponds to r.f. losses of 40 %.

The dependence of resonant frequencies on temperature is indicated in Fig.33.
The variation rate is -0.052 MHz / °C which can be easily explained. If a resonance
occurs in a section of length 1 at a frequency f, and this section expands by Al with
temperature, the resonant frequency will shift by Af related to Al by :

A/ f=Al/1=-aAT

therefore :
Af/AT=-af

where a is the thermal expansion of the material.

For OFHC and DSC, a was almost the same and just vary from 17.0to 17.7 x
10'6 when the temperature varied from 100 °C to 300 °C. For this range of
temperature, Af/AT varies from 0.0629 to 0.0655 MHz / °C. In Fig.33, the
temperature of the 3 x 6 MJ is quoted, which is clearly not the part where resonance
occurs. The temperature profile during baking (Fig.52) suggests that resonance occur
either in the E/H MJ or PPD where baking temperature is lower by 20%. The 3.7010
GHz resonance is expected to occur at 3.7 GHz when the temperature is around 40 °C.
The dependence of S71, in amplitude and phase, on the module temperature is as

follows:

Module temperature  amplitude phase
20°C -0.57dB (12.0% )
100 °C -024dB( 54 %) -4 deg.
200 °C -0.20dB( 45%) -43 deg.
300 °C -0.39dB( 8.6%) -62 deg.
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The r.f. loss at the 3 x 6 MJ temperature of 200 °C decreases from 12 % to 5 %
level of an incident power, since it becomes far from the resonant frequency. The
phase variation rate due to the temperature rise was 0.29 deg / °C. The phase variation
of 48 deg between 100 °C and 300 °C is equivalent to an expansion length of 14.2

HOIE

3. 3.2 JAERI components + CEA (40/61 + PJ + MC)
The S172 parameter was found (Fig.34) to be -0.24 dB at 3.7 GHz with 2 small

resonance near 3.7 GHz at room temperature, one at 3.704 GHz (-0.35 dB) and the
other, smaller, at 3.701 GHz. The measured reflection coefficient was -18 dB at 3.7
GHz. When the whole assembling is baked, the position of the resonance in
frequency f moves with the temperature T to smaller frequency at the variation rate
given by :
Af / AT=-62107 MHz/°C

This is very closed to the expected value, therefore, the resonant section is in
the central part of the set-up, where the temperature is closed to the maximum
temperature. The two small resonance observed at frequencies slightly higher than 3.7
GHz at room temperature are expected to be reached at 59 °C and 99 °C.

3.3.3. CEA mode Converter and E/H plane multi-junction

The r.f. loss of the assembling of the MC + PJ + E/H MJ was measured. The
S12 parameter which gives the transmission efficiency is equal to -0.15 dB at 3.7 GHz
and is nearly constant at room temperature on a bandwidth of + 20 MHz (Fig.35). The
reflection coefficient at the input was measured to be only 22 dB. The =3.722 GHz
resonance at 20 °C was shifted towards f=3.7 GHz at the rate :

Af / ATpy=-6.5102 MHz/°C
where T),; is the E/H MJ temperature. This is again very closed to the expected rate.
It has to be noted that, in this case, the MC is just at a slightly lower temperature that
of the E/H MJ one by 3 % and no conclusions on resonance location can be drawn.
For T = 360 °C, resonance is expected at the working frequency f=3.7 GHz.

4. ANALYSIS OF LOW POWER TEST
4.1 Measurement of the scattering matrix
4.1.1. Scattering matrix
The scattering matrix of each component was first measured at 3.7 GHz. For

all the components, the number of ports are 4. One is the input part, the others are the
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The r.f. loss at the 3 x 6 MJ temperature of 200 °C decreases from 12 % to 5 %
level of an incident power, since it becomes far from the resonant frequency. The
phase variation rate due to the temperature rise was (.29 deg / °C. The phase variation
of 48 deg between 100 °C and 300 °C is equivalent to an expansion length of 14.2

T,

3. 3.2 JAERI components + CEA (40/61 + PJ + MC)
The S12 parameter was found (Fig.34) to be -0.24 dB at 3.7 GHz with 2 small

resonance near 3.7 GHz at room temperature, one at 3.704 GHz (-0.35 dB} and the
other, smaller, at 3.701 GHz. The measured reflection coefficient was -18 dB at 3.7
GHz. When the whole assembling is baked, the position of the resonance in
frequency f moves with the temperature T to smaller frequency at the variation rate
given by :
Af / AT=-62107 MHz/°C

This is very closed to the expected value, therefore, the resonant section is in
the central part of the set-up, where the temperature is closed to the maximum
temperature. The two small resonance observed at frequencies slightly higher than 3.7
GHz at room temperature are expected to be reached at 59 °C and 99 °C.

3.3.3. CEA mode Converter and E/H plane multi-junction

The r.f. loss of the assembling of the MC + PJ + E/H MJ was measured. The
S12 parameter which gives the transmission efficiency is equal to -0.15 dB at 3.7 GHz
and is nearly constant at room temperature on a bandwidth of + 20 MHz (Fig.35). The
reflection coefficient at the input was measured to be only 22 dB. The {=3.722 GHz
resonance at 20 °C was shifted towards f=3.7 GHz at the rate :

Af / ATmy=-6.5107 MHz/°C
where Tyy; is the E/H MJ temperature. This is again very closed to the expected rate.
It has to be noted that, in this case, the MC is just at a slightly lower temperature that
of the E/H MJ one by 3 % and no conclusions on resonance location can be drawn.
For T = 360 °C, resonance is expected at the working frequency £=3.7 GHz.

4. ANALYSIS OF LOW POWER TEST
4.1 Measurement of the scattering matrix
4.1.1. Scattering matrix
The scattering matrix of each component was first measured at 3.7 GHz. For

all the components, the number of ports are 4. One is the input part, the others are the
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output parts in the power division. The Sj; parameters of the scattering matrix S are :

S11 S12 S13 S14
S21 S22 So3 S24
S31 S32 533 S34
S41 Sa2 S43 Sq4

The following properties must be checked :
- §jj = Sji.(symmetric matrix)
-SxS*=1ifnorf loss (S*isthe adjoint matrix of S)
-1S12l= 1S131= 1S 14/ (power dividing ratio)
- S23 = S34 ( coupling coefficient between the lateral and
the central output waveguides)
- S22 = S44 (reflection coefficient at the output waveguides when
all the ports are matched)

4.1.2 JAERI poloidal power divider

For the PPD connected to the 40/61 transition waveguide, the measured
scattering matrix is given in table 5. The first number was normalized by the amplitude
of electric field, iSijI, and the second (in parenthesis) indicated the phase, <Sjj, in

degrees.
4.7910'2, (-8)10.551, (113) {0.625, (-177 ) | 0.516, ( 107 )
0.544, (112) [0.524, (-167) 10.367, (-62) [0.305, (-156)
0.632, (-179) {0.371, (-61 )} ]0.394, (41 ) 0.371, (-59)
0.511, (107) ]0.305, (-156 ) [0.367, (-60 ) [0.531, (-112)

Table 5. Scattering matrix of JAERI PPD with PJ

Main features of this matrix are as follows :
- Phase difference between central output and 2 lateral outputs
(«S12-<S13 and <S14-<S13) is around 75 deg.

- Energy conservation (ZSij-Sji*=1) is not fulfilled specially forj=2, 3

and 4.
- Power dividing ratios are unbalanced, but other symmetries are quite

well verified.
This can be explained that even mode is excited at the lateral output waveguide,

since the coupling between even and odd mode is null.



The scattering matrix of total assembling of JAERI components (PPD +3 x 6
MJ + SPS) with the same CEA 61/40 transition is given in table 6.
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0.06021, (7) ]0.537, (-159) |0.556, (25) 0.507, (-162)
0.531, (-158) | 0.708, (73) 0.141, (-34) ]0.305, (122)
0.549, (25) 0.136, (-34) ]0.136, (99) 0.11, (0)
0.507, (-162) |0.295, (123) [0.112, (2) 0.676, (2)

Table 6 Scattering matrix of JAERI components + 40/61 transition

It is seen here that the phase difference between the central and the lateral output
waveguide is around 180 deg. However, energy conservation (ESij-Sji*:l) is not
fulfilled. The main effect is dependent on the power dividing ratio. Because Sj,
parameter is substantially changed from 0.63 to 0.55, though the reflection due to the 3
x 6 MJ is less than 1% .

4.1.3 CEA E/H plane multi-junction module
For the E/H M1J, the scattering matrix is given in table 7.

0.0632, (-106) | 0.575, (8) 0.562, (-153) ]0.568, (4)
0.589, (9) 0.407, (104) [0.327, (-12) ] 0.468, (69)
0.556, (-151) |0.316, (-11) [0.524, (-154) 10.346, (-10}
0.582, (5) 0.478, (70) 0.359, (-11) 10.402, (103)

Table 7. Scattering matrix of CEA E/H plane multi-junction

The same measurements applied to the MC+ PJ leads to the scattering matrix

given in table 8.

0.119, (-99) | 0.549, (66) 0.575, (-108) ]0.549, (63)
0.562, (67) 0.473, (40) 0.295, (-113) ]0.355, (125)
0.588, (-108) ]0.295, (-114) 10.478, (76} 0.288, (-107)
0.556, (66) 0.351, (124) {0.285, (-107) |0.489, (97)

Table 8. Scattering matrix of CEA mode converter + PJ

In the 2 previous cases it can be seen that

- the symmietries are quite well verified.
- the r.f. losses are higher for the second, third and fourth line.

4.2 Analysis of stability with respect of the reflected power
This was first performed on the 2.2 GHz mock-up. Effect of reflection from
sub-waveguide was studied with the measured S-matrix, The SeS* is given in table 9:
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diagonal terms are closed to unity, but non-diagonal terms are not zero. This non
unitary S-matrix may leads to complicated phenomena. Therefore we have to confirm
that the non unitary S-matrix can reproduce r.f. property when power is reflected from
the sub-waveguides. In order to verify, then r.f. properties were measured when

small reflected power exists as shown in Fig. 36.

1.062 0.016 0.391 0.026
0.016 0.941 -0.227 0.231
0.391 -0.227 0.873 -0.348
0.026 0.231 -0.348 0.911

Table 9. Non unitary S+xS*-matrix at the 2.2 GHz mock-up.

Typical data are illustrated in Fig. 37. In this case reflected power from one
sub-waveguide was set at ~4.4%, while phase of the reflective wave was changed by
phase shifter. Power dividing ratio varied as the phase changes, even though reflective
power was low. In the same figure, calculation results are shown using non unitary S-
matrix. It seems that measured results are consistent with calculated ones with a non-
unitary S-matrix. It should be pointed out that r.f. property is sensitively affected by
small reflection power and r.f. property also depends on phase of the reflection power
when reflected power is non-symmetric as shown Fig. 38.

Expected performance with plasma was examined using non unitary S-matrix.
At first, reflection in each row was homogeneous, reflection coefficient was 3 % in
each sub-waveguide. Power dividing ratio were not so much changed : 32% (upper
stage), 35 % (middle), and 32 % (lower). In the homogenous case, reflection
coefficients were 1.4, 3.0, and 7.2 % for the 3 stages. Power dividing ratio were
then more affected due to reflections : 36, 34, and 27 % for the 3 stages.

For the 3.7 GHz components, a comparison between the different power
dividers was made. Using the scattering matrix obtained experimentally, electric
fields for the forward and backward wave in each port are calculated for changing the
amplitude or the phase of reflection coefficient on the output wéveguides. The aim is
as follows :

- to furthermore understand behavior of the dividing ratio in the case that the
distance between the PPD and the 3 x 6 MJ is changed by inserting a 3-
waveguide spacer.

- more generally, to evaluate the sensitivity of the PPD due to reflected power

from a plasma.
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From theoretical view, a necessary criterion to validate the computation was
obtained by calculating the power balance of the multi-pole Py, - P;,. This balance is
null if there is no r.f. loss, and negative if r.f. loss exists in the system. A positive
value would indicate it works as an amplifier. Experimental matrixes suffer from 2
main defects :

- They are not symmetric (Sij # Sji)

- They are not unitary S x §* # 1

Even the matrix is symmetrized by taking the average value in amplitude and
phase, the criterion is still not veritied in the case that the reflection coefficient changes
on the output waveguides. The difference is often found positive. To overcome this
difficulty, there are at least two possibilities :

- to compare the measured matrix to the theoretical matrix.

- to normalize the measured matrix so as to meet the condition of S x §* =1

It was checked that a good agreement between electric fields by this new matrix
and the measured ones are obtained, when a short circuit plate is moved in one output
waveguide on the CEA components. Furthermore, we checked variation of the power
dividing ratio when a 3-divided waveguide section was inserted between the PPD and
the 3 x 6 MJ (Fig.18). In this case, electric fields in every port using the matrix of the
PPD were computed. The reflective electric field of 0.1 was used, since reflective
power from the 3x 6 MJ of 1 % was measured. Phase of the reflection coefficient for
each output waveguides were changed by thickness of the three-waveguide spacer. In
Fig.39, this phase is labeled fro. The thickness is converted into electric length using
TE g wavelength and the ratio of electric fields in the middle and top/bottom outputs is
plotted versus fro. The crosses indicate measured values. When theoretical curve was
computed using the phase difference of 270 deg between the mild stage and the
top/bottom stage for the backward wave, a good agreement between theoretical and
measurements was obtained.

The stability of the PPD, E/H MJ and MC were compared by the same way.
The effect on amplitude and phase for the forward and backward waves at the 3 output
waveguides is plotted as a function of the phase of the reflection coefficient. It was
assumed that the amplitude and the phase of the reflection coefficient were the same for
the three outputs. Power reflection was fixed at 1%, phase to be labeled fro was
variable. The calculation was also made for the whole JAERI component set, though
the reflected ficld at the output of the PPD was different in this case (Fig.40).

For the PPD, the unbalance of incident electric fields in the 3 stages is large.
The amplitudes are 0.50, 0.70 and 0.50, when specific fro is near 180 deg. Phase
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variation for the forward waves is no more than 10 deg. These results were consistent
with those of the 2.2 GHz mock-up when the fro is far from 180 deg.

For the E/H MJ, the unbalance is slightly fro-dependent. In the worst case,
the amplitudes are 0.60, 0.54, 0.60, phase variations are low(<10 deg).

For the MC + PJ, the unbalance is now weakly fro-dependent and is low. The
amplitudes are typically 0.54, 0.58, 0.54. Phase variations are also low (<10 deg).

The behavior of these power divider was evaluated in the case that r.f. power
was coupled to plasmas. The same calculations were carried out with much higher
power reflection coefficients. It is assumed that the reflection of 2, 5, 8 % is
unbalanced, the corresponding phase was : fro, 0, 20 deg (Fig. 38). In this case, the
amplitude unbalance is strongly enhanced for all components and is maximized when
phase of output 1 is in opposition with phase of outputs 2 and 3 (fro =180 deg).

For PPD, the amplitudes of 0.65, 0.60 and 0.55 were obtained, the phase
variation of 10 deg was indicated. This is, roughly, the unbalance measured on the 2.2
GHz mock-up in the case of unbalanced reflection (1.4, 3.0 and 7.2 % ). In the case
of E/H MJ, the amplitudes of 0.45, 0.6 and 0.65 for the worst case and the phase
variation of about 15 deg were obtained. For MC, the amplitudes of 0.50, 0.55 and
0.70 were indicated while the phase variation was of the order of 10 deg.

As a conclusion, when the reflection coefficient is low (1 % in power), MC is
the more stable component with respect of the reflected field variation. However,
when the power reflection coefficients increase, the unbalance of the electric fields in
the three outputs becomes very large for all components. On plasma, these power

dividers will have to be operated with low reflection.
5. HIGH POWER TEST

5.1 Experimental set-up

High power tests were performed in a new vacuum tank (Fig.41) . This tank is
larger (V=0.34 m3, L=3.5 m) and can be baked up to 450 °C. The transmission line
includes a high r.f. power switch which allows klystron test on a dummy load. The
cooling of the transmission line has been slightly improved. r.f. tests were achieved
either with the components to be tested terminated by a short-circuit plate, or with the
components connected at the output to a dummy load. Schematic drawings of case 1
and case 2 are given in Figs.42 and 43, respectively. Details on the test bed facility are
given in appendix 1. '

In the first case, a 3-dB power divider (hybrid junction) is inserted in the
transmission line to insure low power reflection to the klystron. The maximum (resp
average ) electric field strength with a short-circuit plate is 2 (resp.1.4) times higher
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variation for the forward waves is no more than 10 deg. These results were consistent
with those of the 2.2 GHz mock-up when the fro is far from 180 deg. .

For the E/H MJ, the unbalance is slightly fro-dependent. In the worst case,
the amplitudes are 0.60, 0.54, 0.60, phase variations are low(<10 deg).

For the MC + PJ, the unbalance is now weakly fro-dependent and is low. The
amplitudes are typically 0.54, 0.58, 0.54. Phase variations are also low (<10 deg).

The behavior of these power divider was evaluated in the case that r.f. power
was coupled to plasmas. The same calculations were carried out with much higher
power reflection coefficients. It is assumed that the reflection of 2, 5, 8 % is
unbalanced, the corresponding phase was : fro, 0, 20 deg (Fig. 38). In this case, the
amplitude unbalance is strongly enhanced for all components and is maximized when
phase of output 1 is in opposition with phase of outputs 2 and 3 (fro =180 deg).

For PPD, the amplitudes of 0.65, 0.60 and 0.55 were obtained, the phase
variation of 10 deg was indicated. This is, roughly, the unbalance measured on the 2.2
GHz mock-up in the case of unbalanced reflection (1.4, 3.0 and 7.2 % ). In the case
of E/H MJ, the amplitudes of 0.45, 0.6 and 0.65 for the worst case and the phase
variation of about 15 deg were obtained. For MC, the amplitudes of 0.50, 0.55 and
0.70 were indicated while the phase variation was of the order of 10 deg.

As a conclusion, when the reflection coefficient is low (1 % in power), MC is
the more stable component with respect of the reflected field variation. However,
when the power reflection coefficients increase, the unbalance of the electric fields in
the three outputs becomes very large for all components. On plasma, these power

dividers will have to be operated with low reflection.
5. HIGH POWER TEST

5.1 Experimental set-up

High power tests were performed in a new vacuum tank (Fig.41) . This tank is
larger (V=0.34 m3, L=3.5 m) and can be baked up to 450 °C. The transmission line
includes a high r.f. power switch which allows klystron test on a dummy load. The
cooling of the transmission line has been slightly improved. r.f. tests were achieved
either with the components to be tested terminated by a short-circuit plate, or with the
components connected at the output to a dummy load. Schematic drawings of case 1
and case 2 are given in Figs.42 and 43, respectively. Details on the test bed facility are
given in appendix 1.

In the first case, a 3-dB power divider (hybrid junction) is inserted in the
transmission line to insure low power reflection to the klystron. The maximum (resp
average ) electric field strength with a short-circuit plate is 2 (resp.1.4) times higher
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than that in the case of a test on load with low reflection. Even though the module
injection power is limited to half of the klystron output power by the 3-dB hybrid
junction, the maximum electric field for the same klystron output is increased by 1.4
and is therefore effective to estimate the withstand-voltage. However, high power
level may be limited by differential thermal expansion of the two sections connected to
the hybrid junction, causing unbalanced phases and, possibly, the klystron switching
off.

r.f. measurements are available at the output of the klystron and at the input of
the vacuum tank. In the second case, the r.f. measurements are also available at the
output of the tank. The different waveguides in vacuum (mode converter, multi-
junction, phase shifter, transition, connection waveguides....) were equipped with
thermocouples to record temperature evolution. In particular, power division ratio was
studied by measurement of the temperature increase rate dT/dt for the different stages in
the poloidal direction, when the waveguides were uncooled.

Gas pressure is also available from a Penning gauge and a Bayart-Alpert gauge.
Outgassing flux were estimated, as for Test Module II, by switching off the vacuum
pump (build-up method) which leads to more reliable values when the outgassing is
low. Analysis of outgassing rates is more difficult than for Test Module I, because
the complexity of the set-up (different sections with various power density and losses )
leads to a large temperature gradient. It is known that outgassing rate increases quasi-
exponentially with temperature. For the on-load tests, the following method was
applied. An exact exponential dependence on the outgassing rate on the temperature,
was assumed. Moreover, it was assumed that the outgassing rates of each section lay
on the same line (i.e. same initial outgassing rate and same slope). The free parameter
was adjusted to fit the total experimental outgassing flux.

5.2 CEA E/H plane multi-junction on short circuit

The E/H MJ was connected to the input r.f. window via a standard connection
waveguide (L= 765 mm). Four thermocouples are installed on the multi-junction : one
on the E-plane multi-junction section where the losses are expected to be the highest
(1.46%.m-! at 200 °C) and one on each of the 3 secondary waveguides to check the
power division.

Baking at 200 °C for 60 + 60 h was achieved and baking temperature lowered
to 100 °C in order to get low initial conditions for outgassing. r.f pulse length was
extended first to Tmax = 200 °C, then to Tmax=450 °C.

At high power (Pkjystron > 300 kW), power injection is limited by the
increasing reflection power at the klystron due to unbalanced expansion of the
transmission lines : at 320 kW, the klystron is switched off 340 s after r.f. injection

_19-.\
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when the reflected power exceeds the set point (20 kW) as indicated in Fig.44.
However, the module could be heated up to 410 °C. At higher power (Pkjystron= 430
KW, Produle=200 kW), limitation is even more severe and the maximum temperature
is 380 °C.

Power division, deduced from thermocouples measurements, was excellent
(Fig.45) : for the different powers, the unbalance was less than 10 % and the heating
rate increases linearly with the injected power (Fig.46).

During power injection, outgassing increased quasi exponentially when the
module temperature increases from 100 to 450 °C (Fig.47). For outgassing rate
evaluation, the entire E/H MJ surface (0.72 m?2) was taken into account. Qutgassing
flux from the connection waveguide is neglected and the input temperature is taken for
reference, despite the much lower measured temperatures at the outputs. The
outgassing rate is therefore underestimated. Due to the rather low baking temperature
(200 °C), the outgassing rate is quite high for the first shots but decreases almost by
one order of magnitude during the experiment from 5-6 x 105 to 8 x 10-6 Pam? s-1m-2
at 200 °C. Outgassing measurements at 200, 300 and 400 °C are plotied for the
different shots in Fig.48. The rather high outgassing rate at high temperature is due to
the low baking temperature (300 °C) and the small number of shots. The conditioning
provided by the accumulation of r.f. injection can be evaluated bj the integrated injected
energy : in equivalent conditions, outgassing rate measured at 400 °C is consistent with
measurement done on test module I (Fig.49).

All these measurements indicated a good power handling capability, a good

power division with no local overheating due to non linear effects (resonance}.

5.3 JAERI components with short circuit

The experimental set-up of JAERT components with short circuit is shown in
Fig.42. The vacuum tank and JAERI components were baked at 200 °C for 125 hours
to get outgassing rate quasi-saturation, and then the baking .temperature was decreased
to 100 °C. r.f. conditioning was first done using short pulses of 10 msec length with a
duty circle of 1/11 for 1 sec. The r.f. power from 50 kW to 225 kW was injected into
the components.

After r.f. conditioning, a withstand-voltage test was performed using a pulse
length of 2 sec. Breakdowns was not observed, even though the maximum power of
225 kW was injected. At the 225 kW level, the maximum electric field strength at
secondary waveguide of 72 x 8.5 mm reached near 3.9 kV /cm.

The withstand-voltage test was also performed using a long pulse of more than
100 sec. It was found that JAERI components, fabricated by diffusion bonding
method, could withstand the maximum long operation of 520 sec at the r.f. power of
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70 kW, the maximum r.f. power of 120 kW ( average value ) during 280 sec. Time
trajectory of klystron output power, module injection power and pressure of the
vacuum tank are indicated in Fig.50. It is also found that breakdowns due to an
excessive outgassing do not occur, even though the pressure is increased from 1.8 x
104 to 0.1 Pa. This final high pressure was due to the much higher temperature of the
PPD Input (T= 365 °C) than baking temperature (200 °C). Outgassing fluxes, with
the module temperature at 200°C, range from 8 x 106to 1.1 x 105 Pam3 571,

In the case of an r.f module injection power of 120 kW (average r.f. power ), a
temperature rise of .25 °C/s was measured on the outer wall of the 3 x 6 MJ which the

r.f. power loss was evaluated to be 1.7 %.

5.4 JAERI components + CEA E/H plane multi-junction

The experimental set-up of JAERI components, combined with the E/H MJ and
transition waveguide, is shown in Fig.43. r.f. power was transmitted from the PPD to
the E/H MJ. The outside walls of these components were equipped with
thermocouples.

Before outgassing flux during r.f. power injection was evaluated, these
components and the vacuum tank were baked at 200, 300 and 450 °C, respectively.
When saturation of outgassing fluxes was obtained, baking temperature was decreased
to 100 °C, in each case. Outgassing fluxes at 100 °C without r.f. injection is used as
the reference background flux. Dependence of cutgassing flux on the baking duration
is shown in Fig.51, and each temperature distribution of the vacuum tank during each

baking treatment is shown in Fig.52. Baking temperature was defined as the maximum
temperature of the vacuum vessel. The background fluxes at 100 °C after 200, 300

and 450 °C baking were 5.5 x 107, 3.0 x 10-7 and 2.0 x10-7 Pam3s-1, respectively.
The dependence of outgassing flux on r.f. injection energy in each baking treatment is
shown in Fig.53. These data were measured when the module was uncooled and the
temperature maintained below the baking temperature. It indicates that high baking
treatment is effective to reduce outgassing.

Temperature rises during r. f. injection of 300 kW (# 10699), measured by
thermocouples on outside walls of these components, are shown in Fig.54. From a 2-
D thermal analysis code, it was checked that, because of the high thermal conductivity
of DSC, temperature gradients, in a poloidal section of the 3 x 6 multi-junction
module, are very small : though r.f. loss at inside septum are two times higher than
that at outside septum, temperature difference is only 4 °C after an r.f injection time of
250 sec. Consequently, the measured temperature rise is very close to the maximum
temperature and temperature measurements fit the calculated temperatures with r.f.
losses of 0.85 %.
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For this shot, at the end of the 210 sec injection time, temperatures, for each section,

are as follows :

Temperature { °C]  Outgassing area [m?]

JAERI PPD Input 320 0.197
JAERI PPD Qutput 250 0.195
3Ix6MJ 180 1.273
SPS 150 0.431
CEA E/H MJ Input 250 0.38
CEA E/H MI Qutput 180 0.38
Connection WG 230 0.56

Using the method described in sect. 5.1, the outgassing rate of each section was
evaluated to fit the total measured outgassing flux of 7.24 x 10-6 Pam 3 s-1. These
outgassing rates are consistent with those of the module test I within a factor of 2.5

(Fig.55).

5.5 CEA mode converter + CEA E/H plane multi-junction
5.5.1 Baking and r.f. conditioning

The whole system is baked at 400 °C during 60 hours. Outgassing rate at this
temperature decreased from 3.2 x10-5 to 9 x10-6 Pa m3 s"! m2. At 100 °C,
outgassing rate was 5.10-8 Pam3 s-1 m2. For pulse length of 2 seconds, a power at
the klystron of 440 kW was obtained after less than 10 pulses of conditioning.

5.5.2 Long pulse operation

Three shots were performed without cooling. Two of them were done with a
power of 200 kW at the klystron and a pulse length of 900 sec and one with a power of
350 kW at the klystron during 400 sec.

When the temperature in the 3 x 6 MJ was less than 340 °C, the temperature
rise during r.f. injection was strictly identical to that for the 3 waveguides of the E/H
MJ. The same behavior was also observed for the three thermocouples on the MC.
Therefore, a good dividing ratio is assessed for both these components. The measured
temperature rises, for an incident power of 300 kW at the input, was 0.051 °C s-1 for
the MC and 0.22 °C s-! for the E/H MJ. By taking into account the of losses of the
TE3g mode for the MC, and TE;o mode for the E/H MJ, rates of 0.075 °C s-! and
0.16 °C s-! were obtained, respectively. For klystron output powers of 200 and 300
kW, Fig 56 and 57 show the time evolution of the temperatures (MC and E/H MJ) and
the pressure. Incident and reflected power at the klystron are also plotted. Pressure
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slowly increases when the temperature rises. The two peaks are due to outgassing rate
measurement by the build-up method.

When the temperature at the input of the E/H MI reached 340 °C, a non
linearity was observed in the temperature increase. The temperature of the MC (input
and outputs) was then 240 °C. From the low power test, the first resonance is
expected around 360 °C, and then one can say this resonance is caused by the E/H
MJ. This is confirmed by observing the temperature evolution in time : the E/H MJ
temperature grows non linearly. During r.f. shots, outgassing measurements were

carded out. For a typical shot the following temperatures are recorded :

Temperature [°C] Outgassing Surface [m?]

MC input . 250 0.38
MC outputs 250 0.38
E/H MJ input 400 0.36
E/H MIJ outputs 300 0.36
Connection WG 260 0.56

Using the technique explained in sect. 5.1, it is found that 65 % of the
outgassing flux comes from the input of the E/H MJ. From this section, the
outgassing rate is 5x10-7 Pa m3 s-Im-2 at a temperature of 200 °C and 1.8x10- Pa m3
s~ 1m-2 at 400 °C.

5.6 JAERI components + CEA mode converter

JAERI components were tested in combination with the MC. The experimental
set-up, sketched in Fig.58, was tested first with the r.f. power injected from the PPD
side, then from the MC side. Nineteen long pulses (Thf = 400-1800 s) of r.f. were

applied either with no cooling or with water cooling.

5.6.1 Baking and r.f. conditioning

Before the first set of experiment (injection from PPD), the system was baked
at 300 °C for 75 hours and the final outgassing at 300 °C, was 2.9 x 10-6 Pa m3s-Im2,
Then the temperature was decreased from 300 to 100 °C and the tank was maintained at
this temperature during the experiment. Outgassing rate decreased from 1.3 to 0.9 x
107 Pa m3 s-!m-2. These values are equivalent to the ones obtained during the test of
module 1 and first test of JAERI components with E/H MJ (Fig.51). The same
procedure conditioning was performed : 2400 short pulses (10 ms) and 50 longer
pulses (2 sec.) allowed to transmit 400 kW without breakdowns.
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5.6.2 Power division
The power dividing ratio, in the 3 stages of a divider, can be given by :
(AT/ALY Z(AT/AL).
This is calculated, from the available thermocouples measurements, in different
sections : the PPD (Fig.59), the 3 x 6 MJ, the SPS (Fig.60) and the MC (Fig.61).

Results of these measurements are given in table 10.

Components Injection Top Central Bottom Shot #
PPD PPD 0.35 0.35 (.30 18023
PPD 0.35 0.35 0.30 18108
MC 0.345 0.345 0.31 18485
3x6MJ PPD 0.34 0.34 0.31 18023
SPS PPD 0.35 0.35 0.30 18108
MC PPD 0.34 0.32 0.34 18023
PPD 0.34 0.32 0.34 18108
MC 0.345 0.315 0.345 18485

Table 10. Power dividing ratio of the different components
deduced from thermocouples measurements

A fairly good power balance was measured in all cases, with a Jower power
injected in the bottom waveguide (10-15 %) for the JAERI components, while the
power of the central waveguide of the MC is slightly lower (5-10 %).

The two small resonance which were measured at room temperature during the
frequency scan (f = 3.701 and 3.704 GHz) (see sect. 3.3.2) induce a transitory large
increase of losses, specifically in the SPS and the CEA / JAERI transition, but also in
the PPD (Fig.62). From the low power test, these resonance was expected when the
resonant section is at 59 °C and 99 °C. These resonance did not affect, in most cases,

high power transmission capability.

5.6.3 r.f. losses

When the r.f. components were cooled by water, the global r.f. losses during
r.f. injection were evaluated from calorimetric measurements. Two output
thermocouples are available : one is at the output of the pipes cooling the top of the
waveguides and the other at the output of the pipes cooling the bottom of the
waveguides. The slight unbalance, measured from thermocouples attached to the
waveguides (Table 8), is confirmed : r.f. losses of the upper section with respect to the
lower section is in the ratio of 0.54 / 0.46. Moreover, the resonance (T=59 °C)
increases the global r.f. losses by about 10 %. Global r.f. losses were measured in

two different cases :
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- r.f. injection from PPD with the tank at 100 °C

- r.f. injection from MC with the tank at 20 °C

The energy removed by the water was calculated in the case of very long pulses
for which stationary temperatures are reached (Fig.63). The associated power Pegjor
can be easily obtained. Corrections for radiated power between the tank and the
waveguides were made to get the r.f. power loss (Piogs). Different powers are given in
table 11.

ShOt # Tta.nk th (kW) thf Pca_lor P]OSS PIOSS/Ph

O ) kW) &W) (%)
18102 100 240 1950 73 6.0 2.5
18475 20 250 860 54 6.2 2.5
18482 20 300 1640 66 7.7 2.6

Table 11. Calorimetric measurements of the global losses

To compare these calorimetric measurements to low level S12 parameter, losses
of the connections and the r.f. windows have to be added (< 0.5 %). The global loss
of the system was evaluated to be : Ploss / Phr=3.0+ 0.7 % =0.13 £ 0.03 dB. This
value is substantially lower than the S parameter measured at low level (T=20 "C) :
Sy2 = 0.24 £ 0.05 dB (off the resonance). However, error bars indicated that these

two evaluations of r.f. loss are not inconsistent.

5.6.4 Qutgassing

Qutgassing was measured as that mentioned above up to 400 °C when the water
cooling was not used. The following temperatures were measured for the different
sections (Fig.60 & 61):

Temperature[ °C]  Outgassing Surface [m?]

PPD input 405 0.197
PPD outputs 280 0.195
SPS 130 0.431
3x6 MJ 220 1.273
MC input 230 0.38
MC outputs 230 0.38
Connection WG 250 0.48
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With the same technique, outgassing rate of the different sections was
evaluated : outgassing flux of the input of the PPD represents 55% of the total
measured flux. In Fig.64, the outgassing rate of the hottest part, the PPD input, is
plotted as a function of shot number, at 200, 300 and 400°C.

When these new results were compared with the outgassing rate obtained from
the previous experiment, it was found that for the same integrated injected energy, the
outgassing rate is higher by at least one order of magnitude. However, in the high
power test of module I, temperature of the waveguides reached 500 °C and a strong
decrease of the outgassing rate from shot to shot was observed. For this experiment,
temperature exceeded 300 °C only for the 2 shots indicated on Fig. 65. It is therefore
more realistic to compare these new results with the first shot performed on test module

L. In this case, the discrepancy is only a factor of 2-3.

5.6.5 Steady state operation
For the first installation of the PPD with the E/H MJ, it was found that the

3.701 GHz resonance (see section 3.3.1), made steady state operation with water
cooling impossible : even at low power (Prf = 56 kW). Temperature of the input of
the poloidal power divider rises to 220 °C in 2 minutes. Calorimetric measurements
indicated a total loss of 8-11 %. The Phase Shifter was then disconnected from the
CEA / JAERI transition and an undivided 2-mm thick spacer was removed. Low
power level measurements indicated an improvement of r.f. properties with no
resonance at 3.7 GHz.

In such conditions, with water cooling of the waveguides, quasi-stationary
conditions were obtained during very long r.f. injection time : 1500 s after r.f. injection
(Pr.f. = 300 kW), the temperature rise rate is below 1x10-2 °C s-! and the maximum
temperature is 110 °C (Fig.66). The pressure is stationary at P = 8.0 x 10-6 Pa. The
stationary outgassing rate was measured for different r.f. power levels leading to
different equilibrium temperatures. These results were compared with similar results
on Test Module I : in this case again the new results are higher by a factor of 3-5
(Fig.67) despite the same initial outgassing at 20 °C ( 1.3 x 108 Pa m3 s'lm™2).

6. ANALYSIS OF HIGH POWER TEST

Five set-ups were tested at high power : 2 on short-circuit, mainly to check the
high electric field withstand of basic components (E/H MJ and PPD in combination
with the 3 x 6 MJ) and 3 in transmission on a dummy load to check r.f. properties of
the 3 different poloidal dividers in combination with the module. Qutgassing evolution
of these set-up was also studied in the same time, cither by letting the components
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With the same technique, outgassing rate of the different sections was
evaluated : outgassing flux of the input of the PPD represents 55% of the total
measured flux. In Fig.64, the outgassing rate of the hottest part, the PPD input, is
plotted as a function of shot number, at 200, 300 and 400°C.

When these new results were compared with the outgassing rate obtained from
the previous experiment, it was found that for the same integrated injected energy, the
outgassing rate is higher by at least one order of magnitude. However, in the high
power test of module I, temperature of the waveguides reached 500 °C and a strong
decrease of the outgassing rate from shot to shot was observed. For this experiment,
temperature exceeded 300 °C only for the 2 shots indicated on Fig. 65. It is therefore
more realistic to compare these new results with the first shot performed on test module

I. In this case, the discrepancy is only a factor of 2-3.

5.6.5 Steady state operation
For the first installation of the PPD with the E/H MJ, it was found that the

3.701 GHz resonance (see section 3.3.1), made steady state operation with water
cooling impossible : even at low power (Prf, = 56 kW). Temperature of the input of
the poloidal power divider rises to 220 °C in 2 minutes. Calorimetric measurements
indicated a total loss of 8-11 %. The Phase Shifter was then disconnected from the
CEA / JAERI transition and an undivided 2-mm thick spacer was removed. Low
power level measurements indicated an improvement of r.f. properties with no
resonance at 3.7 GHz.

In such conditions, with water cooling of the waveguides, quasi-stationary
conditions were obtained during very long r.f. injection time : 1500 s after r.f. injection
(Pr f. = 300 kW), the temperature rise rate is below 1x10-2 °C s-! and the maximum
temperature is 110 °C (Fig.66). The pressure is stationary at P = 8.0 x 10-6 Pa. The
stationary outgassing rate was measured for different r.f. power levels leading to
different equilibrium temperatures. These results were compared with similar results
on Test Module I : in this case again the new results are higher by a factor of 3-5
(Fig.67) despite the same initial outgassing at 20 °C ( 1.3 x 108 Pa m3 s lm2).

6. ANALYSIS OF HIGH POWER TEST

Five set-ups were tested at high power : 2 on short-circuit, mainly to check the
high electric field withstand of basic components (E/H MJ and PPD in combination
with the 3 x 6 MJ) and 3 in transmission on a dummy load to check r.f. properties of
the 3 different poloidal dividers in combination with the module. Qutgassing evolution
of these set-up was also studied in the same time, cither by letting the components



JAERI—Research 96—036

heating up to 400 °C or with cooling in order to get stationary conditions.

On the short circuit, the tested components (E/H MJ and JAERI components)
showed good electric withstand : 200 kW and above could be injected corresponding to
the maximum electric field of about 7 kV/cm at the input of the E/H MJ and the PPD,
and 3.6 kV/cm in the multi-junction module and at the outputs of the E/H MJ and PPD.

On the dummy load, small resonance (S21 = - 0.35-0.5 dB) occur in the most
set-ups and induce strongly, but transient, non-linearity in the r.f. losses (Fig.62),
but high r.f. power transmission capability was not affected in the most cases up to a
power density level of 120 MW m-2 at the inputs of the poloidal dividers (PPD, E/H
MJ, MC) and 31 MW m2 at the multi-junction module. However, for the first set-up
(JAERI components + E/H MJ) the rather strong resonance (Sp1 = -2.2 dB) makes
high power transmission impossible and steady state operation with water cooling
cannot be performed. |

Away from these resonance’s, power dividing ratio of the dividers deviates
only by little from the ideal case : for PPD, it is typically 0.30, 0.35 and 0.35 (Table
1) when going from the lower stage to the upper stage, in very good accordance with
small signal measurements (Fig.17), while for E/H MJ and MC, typical values are
0.34, 0.32 and 0.34 (table 1) and even ideal power splitting is achieved when the MC
was tested in combination with the E/H MJ (Fig 57).

The r.f losses are deduced from calorimetric measurements for the case of
JAERI components with MC; total losses are 2.5 + 0.7 % (Table 2) which is slightly
below small signal measurements (5 + 1 % - Fig.34), but consistent with calculated
losses (2.2 %), assuming ‘normal’ losses in each components. From this calorimetric
loss measurement, it can also been inferred that r.f. loss in each power divider (PPD
and MC) is below 1.5 %.

Evaluation of outgassing rate is more difficult than that for test module test I
because of the large temperature gradients. However, the same strong pre-baking
temperature, Tpake, dependence was observed : when Thake was increased from 300
°C to 450 °C, outgassing during r.f. transmission, was reduced by almost one order
of magnitude (Fig.53). As in the previous experiment (module test 1), outgassing rate
was also found to vary quasi-exponentially with the waveguide temperature during r.f.
transmission (Fig.47) leading, very roughly, to an increase of outgassing of, almost,
one order of magnitude when temperature is incremented by 100 °C.

For the different set-ups, outgassing rate was in the 10-6 Pa m3 5”1 m-2 range at
300 °C and the 10-3 Pam3 s-1 m2 range at 400 °C. However it has to be noticed, that
higher outgassing rates may be obtained when the temperature of the components
exceeds over the pre-baking temperature during r.f. injection (Fig.65). Compared with
results from module [ [8], there is a fairly good accordance within a factor of 2-3,
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which is acceptable, when considering the uncertainty on outgassing rate estimations.
Stationary outgassing could be obtained, with water cooling, for the JAERI
components with the MC : the low outgassing rates, in the 10-7 Pa m3 s-1 m-2 range,
are again consistent with the previous results, when considering the large differences
in experimental conditions (Fig.67). Extrapolation for a real antenna cooled with hot
pressurized water suggests an outgassing rate in the lower 106 Pa.m3 s-! m~2 range.

7. CONCLUSION

As a second step of the collaborative activities, in order to extend the
outgassing database to a more practical LHCD antenna module, more advanced r.f.
components were designed and fabricated for the Test Module II. JAERI developed
and manufactured one poloidal pbwer divider and the 3 x 6 multi-junction module,
while two poloidal power dividers, a E/H plane multi-junction and a mode converter
were developed and manufactured by CEA.

For the PPD, E/H MIJ and MC, the scattering matrix measured in the small
signal tests indicated that reflection coefficients at the front end of the antenna with the
plasma have to be rather uniform for the different rows in order to have a well-worked
antenna, and then it is essential to attain the reflection coefficient less than a few %.

All these poloidal dividers have a good capability to split high r.f. powers
equally in three and the r.f. losses are, in the most cases, small. However, in every
experimental set-up, resonant phenomena was observed frequently and a transient
anomalous loss (8,;=0.3~0.5 dB) was induced. Since the resonant phenomena may
strongly limit the r.f. power transmission capability, it is important, for an LH antenna
using such poloidal power dividers, that electric lengths of the r.f. components are
properly determined to avoid the resonance in the range of operating temperature.

Despite the difficulties to calculate the outgassing rate for the complex systems
(two poloidal dividers connected to the multi-junction module), an reliable evaluation
of the outgassing rate was made. The outgassing rates were consistent with results
from test module I. In particular the strong dependence of outgassing on temperature
was further documented. ,

Steady state operation (300 kW-1000 sec) of the 3 x 6 multi-junction module to
be connected to the PPD and MC with water cooling was successfully demonstrated.
The maximum temperature of 100 °C, the outgassing rate of ~10-7 Pa m3 s-lm2, For
a real on-plasma antenna, with temperature around 200 °C, the outgassing rate will be

in the 106 Pa m3 sec-!m-2 range.
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which is acceptable, when considering the uncertainty on outgassing rate estimations.
Stationary outgassing could be obtained, with water cooling, for the JAERI
components with the MC : the low outgassing rates, in the 107 Pa m3 s-1 m-2 range,
are again consistent with the previous results, when considering the large differences
in experimental conditions (Fig.67). Extrapolation for a real antenna cooled with hot
pressurized water suggests an outgassing rate in the lower 10-6 Pa.m3 s-! m2 range.

7. CONCLUSION

As a second step of the collaborative activities, in order to extend the
outgassing database to a more practical LHCD antenna module, more advanced r.f.
components were designed and fabricated for the Test Module T1. JAERI developed
and manufactured one poloidal pbwer divider and the 3 x 6 multi-junction module,
while two poloidal power dividers, a E/H plane multi-junction and a mode converter
were developed and manufactured by CEA.

For the PPD, E/H MJ and MC, the scattering matrix measured in the small
signal tests indicated that reflection coefficients at the front end of the antenna with the
plasma have to be rather uniform for the different rows in order to have a well-worked
antenna, and then it is essential to attain the reflection coefficient less than a few %.

All these poloidal dividers have a good capability to split high r.f. powers
equally in three and the r.f. losses are, in the most cases, small. However, in every
experimental set-up, resonant phenomena was observed frequently and a transient
anomalous loss (S,7=0.3~0.5 dB) was induced. Since the resonant phenomena may
strongly limit the r.f. power transmission capability, it is important, for an LH antenna
using such poloidal power dividers, that electric lengths of the r.f. components are
properly determined to avoid the resonance in the range of operating temperature.

Despite the difficulties to calculate the outgassing rate for the complex systems
(two poloidal dividers connected to the multi-junction module), an reliable evaluation
of the outgassing rate was made. The outgassing rates were consistent with results
from test module 1. In particular the strong dependence of outgassing on temperature
was further docurmnented. ,

Steady state operation (300 kW-1000 sec) of the 3 x 6 multi-junction module to
be connected to the PPD and MC with water cooling was successfully demonstrated.
The maximum temperature of 100 °C, the outgassing rate of ~10-7 Pam3 s-!m2, For
a real on-plasma antenna, with temperature around 200 °C, the outgassing rate will be

in the 10-6 Pa m3 sec-!m-2 range.
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Fig.1 Photograph of CEA E/H plane multi-junction.
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Fig.2 Photograph of CEA mode converter.
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JAERI 3 x 6 multi-junction module

3x6 multi-junctiony,”

Fig.3 Photograph of JAERI components.
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72 mm

Fig.6 The phase shifter of JAERI 3X6 multi-junction module.
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Fig.7 JAERI supplementary phase shifter.
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Amplitude and phase versus the angle in the H plane between the MC
axis and the direction of measurement.
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Fig. 14 Schematic drawing of the set-up on a low power test for the
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Fig. 16 Schematic drawing of the adjustment part for the power dividing ratio.
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Fig.19 Schematic drawing of the set-up on a low power test for JAERI
components on short circuit.
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well explained.
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Fig.24 A poloidal power divider with TEus modes is shown. r.f. power
density is drawn in the down-side figure. Good power dividing
ratio is expected from the same peaks in power density.
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Fig.25 A poloidal power divider with TEuees is developed in 2.2 GHz for R&D.
Three waveguides lined in poloidal direction have no sub-waveguide in
it for convenience. Power and phase are measured at z =95, 190 mm
from a junction using r.f. probe connected with a network analyzer.
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Fig. 39 Ratio of the amplitudes of the electric field in the middle output and the
top/bottom output : a) Experimental points (+) when the width of an
oversized spacer between PPD and the multi-junction is changed (from
Fig.18). b) Calculation (plain curve) with the modified scattering matrix
of PPD. A reflective power of 1% is assumed for the 3 output waveguides.
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IR,

Fig. 41 Photograph of the vacuum tank.
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Fig. 42 Schematic drawing of the experimental set-up for high power test

on short-circuit.
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Fig.43 Schematic drawing of the experimental set-up for high power test

on load.
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Fig.44 R.f. powers (incident and reflected), temperature and pressure vs. time
during high power test if the multi-junction on short (Shot 6300).
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Fig.45 Temperature of the EH plane multi-junction at the input and outputs
(Shot 6393-Prf = 110kW).
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Fig.47 RF incident power and pressure (log scale) vs. time during test of the

E/H plane multi-junction on short-circuit. Final temperature is 450 °C.
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Fig.49 Comparison of the outgassing rate of test module I and the E/H plane
multi-junction at 400 °C.
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Fig.51 Dependence of outgassing flux on the baking duration in baking
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Fig.53 Dependence of outgassing flux on r.f. injection energy after different
baking temperatures.
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component temperature and surface areas.
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Fig.59 Time evolution of the temperature of the JAERI PPD at different
locations (Shot 18485 - Pinc = 300 kW ).
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Fig. 60 Time evolution of the temperature of the 3 X 6 MJ and PS at

different locations (Shot 18023 - Pinc = 300 kW).
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Fig. 61 Time evolution of the temperature of the CEA mode converter at
different locations {Shot 18485 - Pinc = 300 kW).
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Fig.62 Time evolution of the temperature of the PPD, PS, CEA,/JAERI
transition and MC. The 2 resonance occurrences are shown with
an arrow (Shot 18485 - Pinc = 300 kW ).
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Fig. 63 Inlet and outlets temperature of the water during a water-cooling
experiment - (Shot 18482 - Pinc — 300 kW - Einj — 490 MJ).
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Fig. 64 Outgassing rate of JAERI components with CEA MC.
It is assumed that only PPD and multi junction (1.65 nf)
are outgassing. PPD input temperature is quoted.
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Fig.66 Time evolution of incident power, JAERI PPD and CEA mode
converter and pressure during water-cooled experiment (Shot
18482 - Pinc = 300 kW - Einj = 490 MJ). .
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Fig. 67 Steady state outgassing rate versus 1/T for data from JAERI
components + CEA MC and Test module 1 data.
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APPENDIX 1
CEA CADARACHE RF TEST FACILITY

1. TRANSMITTER

1.1. Klystron

Thomson Tubes Electroniques TH2103
3.7GHz £ 5 MHz
450/500 kW, 210 s

Duty cycle at full power 1/3
Output power feedback controlled with an accuracy of ¥2%

RF pulse shape can be changed :
- constant power with a ramp,
- sequence of short pulse.
(typically 10 ms every 100 ms).

I.2. Transmission line

Standard waveguides WR 284 (loss 0.5 % m™! at 20 °C)
Water cooled (A Pmax = 6 bar)
Pressurized with SFg (Pmax = 1.3 bar).

1.3. RF load

Thomson Tubes Electroniques
500 kW-CW, water cooled
RF switch to dump the power to the load for klystron testing

l1.4. RF measurements

6 power measurements(3xPi + 3xPr)

2 phase measurements.

2. HIGH VACUUM TANK

2.1. Dimensions

L =3500 mm, ®jy¢ =343 mm
Volume ; 340 {
Outgassing surface : 4.2 m2 .
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2.2. Pumping, gas injection and barometry

Turbomolecular pump of 500 [ 571
Gas injection system for Hp, Ar, Ny

| capacitive gauge (102-105 Pa), 1 Pirani gauge, 1 Penning gauge, 1
Bayard-Alpert gauge

1 mass quadruple spectrometer with differential pumping (Balzers
QMG 112).

2.3. Baking system

Bakable up to 450 °C

Glow discharge cleaning (600 V - 15 A DC supply)
6 thermocouples installed on the tank

Base pressure at 20 °C : < 109 Pa after 300 °C / 60 hours
2.4. Cooling system

Feed through for water (P = 6 bar) or air cooling (50 Nm3/ h) of the part
to be tested.

2.5. Flanges

2 NW50 flanges for thermocouples in vacuum
2 NW50 flanges for cooling
3 NW100 flanges with Al2O3 window (IR camera)
3 NW100 flanges with glass window
3. CONTROL AND DATA ACQUISITION

3.1. Klystron control

Made by a wired electronics.

3.2. Data acquisition

- desk computer equipped with 2 cards of 64 channels each (fast and slow
acquisition rate),

- quadruple data processor (Balzers QDP 101) for partial pressure.
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APPENDIX 2
GENERAL DATA FOR JAERI AND CEA COMPONENTS

1. JAERI poloidal power divider

Length (mm ) ; 600
QOutgassing surface ( m? ); 0.374
Materal ; DSC( Cu-Alz03)
Connection ;
Input W/G (mm ) : 76 x 36
Output W/G (mm ) : 236 x 61

2. JAERI 3 x 6 multi-junction module

Length ( mm ) ; 600
Outgassing surface ( m2); 1.273
Material ; DSC( Cu-Al;03)
Connection ;
Input W/G (mm ) : 236 x 61
Output W/G (mm ) : 236 x 61

3. JAERI supplementary phase shifter

Length ( mm ) ; 314
Outgassing surface ( m2 ); 0.431
Material ; Stainless steel
Connection ;
Input W/G (mm ) : 236 x 61
Output W/G (mm ) : 236 x 61

4 JAERI / CEA Transition W/G

Length (mm ) ; 257
Outgassing surface ( m2 ); 0.29
Material ; QFHC
Connection
Input W/G (mm ) : 236 x 40
Output W/G (mm ) : 236 x 61
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5. CEA E/H plane multi-junction module

Length ( mm ) ; 746
Outgassing surface ( m2 ), 0.72
Material ; OFHC
Connection ;
Input W/G (mm ) : : 76 x 40
Qutput W/G (mm ) : 236x40

6. CEA 3 WG transition

Length ( mm) ; 7 250
Outgassing surface (m? ), 0.25
Material ; OFHC
Connection ;
Input W/G (mm ) : 192 x 40
Output W/G (mm ) : 236 x 40

7. CEA mode converter

Length (mm ) ; 960
Outgassing surface ( m2 ); 0.76
Material ; OFHC
Connection ;
Input W/G (mm ) : 76 x 40
Output W/G {mm ) : 192 x 40

8. CEA connection waveguides

Length (mm) 290 + 380 or 290 + 570
Outgassing surface ( m? ); 0.30 or 0.39
Material ; OFHC
Connection ;
Input W/G (mm ) : 76 x 40
Output W/G (mm ) : 76 x 36
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