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ABSTRACT

Outgassing, induced by very long RF waves injection at high power density, was studied

in a module, able to be used for a lower hybrid frequency antenna. The test module was

fabricated by JAERI while the tests were performed at the RF test facility of Cadarache

(CEA).

Good RF properties of the module are reported : VSWR is below 1.25 in the 3.695-

3.705 GHz band, RF losses measurements are consistent with calculation (3 %),

conditioning up to 20 kW/cm2 level was quick. However resonance phenomena with

strong absorption of RF power (15 %) was observed at high temperature (T > 400°C).

A large outgassing data base is provided by the 75 shots cumulating 27 hours of RF

injection. RF aging, which is found to be very efficient by baking the module up to

500°C, decreased the outgassing rate by almost 2 orders of magnitude. Preliminary

baking at 450°C was also efficient to reduce the outgassing flux. For a given state of

conditioning, it is found that the key parameter for outgassing is the waveguides

temperature T. In particular, RF power level is effective only through power

dependence of the temperature with time. At 400°C, low outgassing rate, in the

10"9 Torres"1.cm"2 range, can be obtained. With water cooling of the module, low

stationary outgassing is achieved: the outgassing rate is maintained to

2.10"10 Torres"1.cnv2 all along a 30 min. RF injection at 15 kW/cm2.

The comparison with previous experiments (Tore Supra and TdV prototype modules)

confirm the effect of baking and results are consistent.

Outgassing increases exponentially with - 1/T and a desorption model with an

activation energy Ed « 0.35 eV fits the data up to 400°C.

In order to design vacuum pumping system for large lower hybrid frequency antenna,

outgassing rates are given for different working temperatures.



1. INTRODUCTION

In the perspective of the tokamak reactor, it is an important issue to establish non-

inductive current drive and active current profile control methods. Lower Hybrid

Current Drive (LHCD) is an attractive candidate because it provides, so far, the highest

current drive efficiency. The physical studies on LHCD have been performed on many

tokamaks and the understanding of LHCD mechanism has been progressing. The data

base for physical design of a next generation LHCD launcher is well documented by

experiments on Asdex, JT-60, Tore Supra, JET, and others. However the data base for

engineering design is not sufficient to plan a future LHCD launcher, especially in the

case of steady state RF injection, and has to be improved.

For this data base, different topics are addressed such as : launcher mouth protection,

disruption-induced stresses, RF splitting, optimisation with respect of RF breakdowns...

As far as steady state operation is concerned, it is crucial to estimate the outgassing rate

of a launcher during RF injection, since a high gas pressure due to outgassing causes RF

breakdowns and limits high power injection into the plasma. Recently the outgassing

rate of prototype modules have been measured on test beds at Tore Supra /I/ , JET 121,

and Tokamak de Varennes (TdeV) /3/ for the prototype multij unction module of the

3.7 GHz LHCD launcher. The outgassing rate measured on Tore Supra and JET

modules was relatively high, of the order of lO^Torr.^/secKcm2 at 300°C after

. baking at 230°C. On the other hand, the outgassing rate was 2-order lower in TdeV

after a 450°C thermal treatment comparing to those of JET and Tore Supra. The

outgassing rate of the launcher in JT-60 was estimated to be 10"9 Torr.^.sec^.cnr2, but

temperatures in the whole launcher were not always measured. However these

measurements were not sufficient for a quantitative data base. In particular, parameters

controlling the outgassing rate (pre-baking/working temperatures, RF power, RF aging,

material...) were not fully established. In order to estimate the outgassing rate of

waveguides correctly and to address the relevant parameters involved, a specific

outgassing experiment was needed.

For this purpose, an exclusive test module was constructed by JAERI and the outgassing

experiments with this module were carried out at the CEA Cadarache Test Facility, at a

frequency of 3.7 GHz and a maximum power of 500 kW during quasi-continuous

pulses. These outgassing experiments featured a low-temperature gradient in the test

module comparing with former outgassing measurements performed at Tore Supra, JT-

60, JET and TdeV : the tests were performed on a matched line terminated by a dummy

load to avoid standing waves which produce inhomogeneities in temperature, hi these

experiments, we focused on searching effective thermal treatments, with the help of



some basic theoretical models of the outgassing phenomena, to reduce the outgassing

rate. We also demonstrated a steady state RF injection by using water cooling. Transient

outgassing due to breakdowns was not studied in details but can be found in previous

experiments III. Moreover for experiments on plasma, pressure rise in the waveguides

can be also due to the interaction of the aperture of the antenna with the scrape-off layer

plasma.

This report will describe the results of outgassing experiments. In section 2, the test

module is described. The experimental set-up will be mentioned in section 3. The RF

behaviour of the test module is presented in section 4 while the outgassing experiment

results are given in section 5. Section 6 discusses the results and a conclusion is drawn

in the last section.

2. THE TEST MODULE

2.1. Design of the test module

The test module (figure 1) is composed of three main parts: a set of 4 waveguides,

cooling channels and connection flanges.

The key parameter governing outgassing rate in waveguides may be the working

temperature, so that temperature uniformity is required for good definition of

temperature dependence of outgassing. The height a of the waveguides was selected in

order to have an uniform RF loss density on the surface of the waveguides : a = XQI^I,

where Xo is the wavelength in free space. The schematic view of the waveguides and

cooling channels is shown in figure 2. The general data of the module are given in the

left column of appendix 1.

The test module has cooling channels on the both H-planes (small sides of the

waveguides) to insure the lowest thermal gradient during RF injection. The cooling

route is sketched in figure 3. A schematic drawing of the cooling channels is given in

figure 4. These cooling channels were also used to perform temperature control of

waveguide during a long pulse.

In order to have a low pressure gradient, pumping holes of 4 mm diameter were

machined in the 5 walls of the module, with a spacing of X,g/4, yielding to a total

effective conductance of 90 //see (for N2 at 20°C).



An in-vacuo high temperature RF contact between the test module and the connection

waveguide is one of the important issues of this experiment. This RF contact must

transmit high RF powers without breakdown after high temperature baking up to 450°C.

For the test module a metal o-ring was used as the RF contact, it was the metal joint

made of Ag-gilded stainless steel which showed availability up to 250°C baking in the

JT-60 LHCD launcher. Moreover, a silver-based solution was sprayed on the septa of

the test module to insure low RF losses around the mouth after re-machining (figure 5).

Concerning the material, the test module should have the following properties ; 1) high-

electrical conductivity for reducing RF loss, 2) high-thermal conductivity for baking and

cooling, 3) high-strength at high temperature for avoiding deformation of waveguides

and 4) low-outgassing rate for obtaining good vacuum. For the waveguides septa,

dispersion strengthened copper (DSC) was adopted because it has the properties of 1) -

3), and should have the property of 4) according to previous results 131. On the other

hand the electrical resistance of the module has to be high enough to reduce the strength

of the induced eddy current when a plasma disruption occurs. For this purpose, stainless

steel was selected as the material for the spacer between the DSC plates and for the

cooling channels. This structure with 2 different materials has already been proposed by

JAERI in ITER-CDA design 141.

2.2. Fabrication of the test module
v

To obtain a high current drive efficiency in the LHCD experiments, many waveguides

- are needed for launching a optimized spectrum with a narrow peak and high directivity.

The waveguides must be fabricated with good accuracy without deformation in order to

maintain the designed RF properties. For these requests, a diffusion bonding method has

been developed through the fabrication of a multijunction launcher in JT-60U. The

24 waveguides of the launcher were bonded by diffusion process between copper-plated

stainless steels (CSS) in a hot isostatic press machine.

This diffusion bonding method was applied to fabricate the waveguides composed of

two different materials as mentioned in 2.1 section. Conditions for the diffusion

bonding of DSC-CSS were optimized. Finally, the test module was fabricated under the

following conditions:

- H2 atmosphere,

- pressure of 100 kg/cm2,

- temperature of 850°C for 2 hours.
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The development of this fabrication technique for a launcher by diffusion bonding

process can be found in ref. 5. The cooling channels were installed on the waveguides

by an Ag-brazing method as shown in figure 2. Figure 6 shows the vacuum tight

connection of the cooling pipes. No special pre-treatment was performed, but the test

module was washed with an acetone solution. The photograph of figure 1 shows an

overview of the test module. In the course of fabrication of the test module, the pressing

on the test module was unbalanced, so that heights of the module were deformed from

the design value. The height of the waveguides is a very important parameter for the RF

properties (see section 4) since it determines the phase of the propagating wave. Before

the experiment, the height was only measured at each end of the waveguides (arrows of

figure 5). The heights were measured, after the experiment was completed, all along the

module. The following remarks can be done :

- very close values were found before and after experiment at each end,

- differences in height between wg 1 & 2 (open symbols of figure 7) and wg 3 & 4

(dark symbols) just occur at the very end of the module,

- the high profile a (z) is the same for the 4 waveguides on most of the length with a

maximum deviation from the design value (57.3 mm) of 1.3 mm (2.1 mm for

wg 3 & 4).

However after experiments, a significant distorsion of the central septum was noticed

(figure 8). This plastic deformation had no significant effect on the waveguides height

and the RF properties of the module.

3. THE EXPERIMENTAL SET-UP

3.1. Outline

The outgassing experiments with the test module were performed at the CEA Cadarache

Test Facility. No short plate at the waveguides end was adopted in order to avoid

standing wave which provides temperature gradient along the waveguides. The test bed

was modified to adjust the transmission line for the test module. The two connection

waveguides were prepared by CEA. A general overview of the experimental set-up is

shown in figure 9.

A schematic of the experimental set-up is drawn in figure 10. A klystron produces a

high-RF power up to 500 kW at a frequency of 3.7 GHz quasi continuously (see

Appendix 2). The RF power is transmitted from the klystron to the input RF window via

the WR-284 waveguides of the 8.4 m long transmission line and from the output RF

window to a water dummy load via a 12.2 m long transmission line. These transmission
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lines have cooling pipes for continuous operation and are filled with SF6 gas for

avoiding breakdowns. A bellow at downstream side of the chamber was used as an

absorber for thermal expansion (figure 11). In a typical RF injection where the initial

temperature is 20°C and the maximum final temperature is 500°C, the thermal

expansion length is 11 mm. With a thermal expansion coefficient of 16.10"6 K"1, this

leads to an average final temperature of 280°C for the entire system (module +

connections). This is consistent with the measured temperature profile (cf section 5.2.6).

3.2. The connection waveguides

Two single waveguides, of length L = 0.765 m, were provided to connect the module to

the input and output RF windows. These parts were made from copper (0.15 %)

zirconium plates, for the waveguides, and rods, for the cooling pipes, assembled by

brazing with the same technique as was used for the Tore-Supra antennae modules /I/.

A Xg/4 step transformer was machined in the flange to adapt the impedance of the

module, of height 57.3 mm, to the impedance of the connection waveguide, of height

76.0 mm (figures 12 et 13).

From the RF losses calculation, it was estimated that the temperature rise would be

smaller by a factor of 5 with respect of the module and outgassing of these connections

can be neglected. Details on these connections are given in the right column of

Appendix 1.

3.3. The pumping system

The volume and the surface of the vacuum chamber are 146.5 £ and 3.11 x 104 cm2,

respectively. The vacuum chamber has a pumping unit composed of a turbo molecular

pump of 500 t/s and a rotary pump of 330 (.Is. The measured effective pumping speed

is 230 £/s for H2. A mass spectrometer is installed on an additional chamber with its

own pumping unit (= 200 £/s) and connected to the main chamber by a rather low

conductance (10 £/s) pipe.

3.4. Baking and cooling systems

A baking system was used to heat the system up to 450°C. This system is feedback

controlled by monitoring a temperature of the chamber. The test module and the

connection waveguides were heated mainly by radiation from the chamber. However a

large temperature gradient along the 2.3 m long chamber was necessary to maintain a

temperature of 150°C at the 2 flanges were viton o-rings were used for vacuum seal.
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Before installation of the test module, the vacuum chamber of the test bed, made from

stainless steel, was baked at a maximum temperature of 400°C. Time evolution of the

pressure and the temperature during a baking cycle is shown in figure 14. The different

baking cycles reduced significantly the outgassing rate of the tank to

2.10"11 Torr.^.s"1 .cm"2 at room temperature (figure 15).

Cooling of the test module and the connection waveguides is performed by water or air

flow. Air cooling is mainly used to restore a low initial temperature before RF injection

(T < 200°C) and water cooling to obtain a steady state temperature during long RF

injection.

At high power level (P > 15 kW/cm2), the cooling of the directional couplers, achieved

by the water flow of the transmission line but also by direct air venting, was not

sufficient and the RF pulse length had to be limited to 3 min.

3.5. RF measurements

The RF measurements are performed by directional couplers at 3 locations in the

transmission line as shown in figure 16.

- At the klystron output:

incident power Pjk (this measurement is also used for klystron power control),

reflected power Pr
k for a fast RF switch off system.

- At the module input:

incident power Pjm

incident phase <I>jra

reflected power Pr
m

- At the module output:

incident power P'jm

incident phase <D'im

reflected power P'r
m

RF signals are processed and sent to the data acquisition system.

From calorimetric measurements of the transmission lines losses (=15%) and of the

power dumped into the load, it was deduced that the RF powers at the klystron and

module outputs were overestimated by 10 % and 7 % respectively (figure 17). After
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high power (15 kW/cm2) long pulses, the directivity of the couplers at the input and the

output of the module was degraded and power values have to be corrected by a factor

1.1 and 1.2 respectively.

3.6. Temperature measurements

14 under vacuum thermocouples (10 for the module and 4 for the connections) were

available. One of the thermocouples attached to the chamber was used to feedback

control the baking temperature.

The inlet and outlet temperatures of the cooling water were measured for a calculation

of RF losses of the under vacuum system and also of the transmission line. The same

kind of measurements were made to calculate the power dumped into the load.

3.7. Pressure and outgassing measurements

In order to measure the outgassing flux, 2 ionization gauges were available. Gauge 1

was used on a linear scale and gauge 2 on a logarithmic scale. For partial pressure, the

mass spectrometer, installed in the secondary tank, was calibrated for different gases:

H2, D2, CH4, N2, Ar. Calibration for H2O, CO and CO2 was deduced. Mass

spectrometer failed during experiments and was replaced by a more rough system

(QMG 064) with no electron multiplier. All calibrations were done from the ionization

gauge signal giving "N2 equivalent" pressure (figure 18). It was verified that the

addition of the 4 main partial pressures (H2, H2O ,CO, CO2) was consistent with the

measurement of total pressure during an outgassing experiment (figure 19). A

discrepancy (= 50 %) was only found in the low pressure range. Ionization efficiency

was then taken into account for the calculation of the actual partial pressure whereas no

correction was made for the total pressure and total outgassing flux.

Before RF injection, outgassing flux was measured by closing the valve of the pumping

unit (build-up method). Pressure rise slope gives the total outgassing Q of the system

composed of the tank, the connection waveguides and the test module :

Q = v f (i)
where V is the volume of the tank.
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During RF injection, outgassing flux was calculated from the dynamic equation :

Q = V . ~ + S . P (2)

where S is the effective pumping speed in the tank.

It can be shown that a more detailed calculation which takes into account the finite

conductance between the module and the tank leads, in this case, to negligeable

corrections (< 1 %).

It was assumed that time evolution of outgassing of the tank and the connection

waveguides was negligeable. Contribution of these parts, Qw, was experimentally

deduced as follows : Outgassing flux of the module Q-Qw was plotted as a function of

1/T on a semi-log scale. By adjusting Qw, a straight line can be obtained (figure 20).

Depending upon the initial temperature To, Qw lies between 2.10*6 and 1.10"5 Pa.m3/s.

Error bars with this method is estimated to be between ± 1.1 (h6 and ± 3.10"6 Pa.m3/s

for the outgassing flux Q (i.e. between 3.10*10 and l.lO^TorrXs^.cnr2 for the

outgassing rate q) and leads to large errors when the outgassing flux is low. In order to

have a better accuracy, the buid-up method was also used from shot 822 for the

measurement of outgassing rates. When Qw is about twice the outgassing of the

module (i.e. when pressure increases by a factor 1.5), the build-up method leads to an

outgassing flux lower by a factor 1 to 5.

For the outgassing rate q, we will consider the average rate of the module :

q = (Q-Qw)/Sm0d (3)

3.8. Control and acquisition data system

The klystron is controlled from a wired electronics. A security system protects the

klystron when an interlock signal (RF reflected power, klystron vacuum, cavity

temperature, collector cooling water temperature) is detected. For the reflected power,

the threshold was set to 20 kW.

Measurements of the 46 signals were gathered by a desk computer. These measurements

include the klystron parameters, the load and transmission line (calorimetry), the RF

powers, the neutrals pressures in the vacuum tank, the temperatures of the module and

the connection waveguides.
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A software allowed to display the calibrated measurements and derived values such as

the RF losses or the outgassing fluxes. The acquisition data rate was in the range of

0.2 s (RF measurements) to 1.0 s (temperature measurements). The acquisition data

flow was typically 1 Mbytes for a long shot.

4. RF PROPERTIES OF THE MODULE

4.1. VSWR of the module

VSWR of the module, with tapered waveguides, was first measured : at 3.700 GHz, the

value is 1.31.

The module was then installed in the test bed and VSWR was measured from input RF

window to the dummy load. This test includes connections waveguides, RF windows

and the down stream transmission line : in the 3.695-3.705 GHz band, VSWR is lower

than 1.25 (1.15 at 3.7 GHz) as indicated by figure 21.

When the experimental campaign was completed, VSWR of the module, the connection

waveguides and the input RF window was measured : in the 3.695-3.705 GHz band,

VSWR is lower than 1.22 (1.13 at 3.7 GHz) as indicated by figure 22.

These low values allow high power test with safe operation of the klystron which can

withstand a VSWR of 1.34 at the nominal power of 500 kW (1.54 at 400 kW).

Due to the difference in the experimental set-up, no conclusions can be drawn on a

possible plastic distorsion of the module due to the high temperature heating during the

high power tests. However VSWR remained at a low value.

During the high power tests, VSWR was also measured : at the input RF window, with

an incident power of 150 kW power, the reflected power increased from 1.5 kW

(VSWR = 1.2), at 100°C to 10 kW (VSWR = 1.65), at 500°C, as indicated on

figure 17. VSWR at low temperature value is in good agreement with the low power

level measurement whereas the high temperature measurement indicates some elastic

distorsions of the module which enhance the reflection.

4.2. RF losses

RF losses of the test module and the connection waveguides were measured by

thermometry of the walls. RF losses heat up adiabatically the waveguides walls at a
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AT1

constant rate ~rr. From a 0-D model, the losses, per unit of length, Pioss is determined

from the relation:

dT
U (4)

Where mo is the mass, per unit of length, of the considered waveguides section (see

Appendix 1).

Ploss was experimentally determined from relation (4) and compared to the theoretical

value Pth given by :

( X2

2(a + b)-2b 1

(5)

4a2

.Where p is the electrical resistivity which depends on the temperature (Appendix 1)

and P the power density of the RF wave.

For the test module a = —jL and the losses are homogeneous all along the perimeter of
•N/2

the waveguides.

Figure 23-a shows the results of measurements, at different powers for the test module

(L = 1.0m) and the connection waveguides (L = 2 x 0.765 m). Within 15%, the

experimental values, 2.4 % for the module and 0.7 % for the connections, fit the

calculation. It has to be pointed out that calculation of RF losses has to take into account

the actual surface of the waveguides at the skin thickness scafe (i.e. 1 micrometer) and

an enhancement of losses with respect of the ideal case which considers the "geometric"

surface, may be expected when the roughness of the surface is of the same order of

magnitude than the skin thickness.

Global losses of the module and connections were estimated by calorimetry when the

system was water cooled (flow rate : 0.21 kg/s): a reasonable accordance is found

between the experimental points and the calculation (3.5 %) at different powers

(figure 23-b).
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43. Resonance phenomena

At high temperature, an anomalous heating rate was observed at some location of the

module as shown in figure 24 : the heating rate of TC 5 increases by a factor 11, from

0.9 to 10°C/s, whereas TC 3, located on the same side, at a distance of 380 mm

(Ax = 3.3Xo ~ 3 + — ), cools down. Moreover temperature evolution of wg 4 (TC 2, 4,
4

6) is different from temperature evolution of wg 1 (TC 1, 3, 5). This longitudinal

modulation indicates that the surfaces are heated by RF losses due to a standing wave.

These enhanced losses were accompanied by a strong RF power absorption evaluated as

the difference between the incident powers measured by the output and input couplers.

This phenomena strongly depends on the power level: at 5 kW/cm2, power absorption

was only increased by 30 %, from 3 to 4 kW, but increased by a factor 6, from 8 to

50 kW, at a power density level of 15 kW/cm2 (figure 25). This suggests distorsion of

the waveguides dimensions which are power dependant (the higher is the power, the

higher is the temperature gradient) along the large side of the waveguides. This

phenomena is interrupted by an increase of the reflected power above the switch-off

threshold of 20 kW.

The sensitivity of the RF behaviour of the module to the 4 waveguides height was tested

by computing the scattering matrix of the module with height and length of the

waveguides as input parameters. Due to thermal expansion, the length is assumed to be

time dependant but the heights were supposed to be time constant. When the height of

wg 3 and 4 differs from the high of wg 1 and 2 by only 0.1 mm, power absorption

increases from 4 to 10.5% at T = 400°C (figure 26). This result is qualitatively

consistent with experimental values. However the power dependence, indicating

distorsion of the height during the RF injection, is not taken into account. Basically this

resonance occurs in this symmetric structure because of the strong wg intercoupling at

the input and output junctions. In a non-symmetric antenna, designed to launch power to

a plasma, such a phenomena would not occur.

4.4. High power handling capability

After first installation, RF performance was checked, without previous baking. Module

conditioning was achieved by short pulses (10 ms) sequences first and then by 3 to

10 s pulses. After 1500 short RF pulses, level of 5 kW/cm2 (90 kW of injected

power) was obtained. Then. 60 3-s long pulses were needed to perform a breakdown

free pulse at the same power level (figure 27).
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Following the first thermal treatment (300°C/60 h), this power level was quite easily

restored after 30 pulses of 10 s duration. Higher power densities (10, 15 and

20 kW/cm2) were all obtained with even shorter conditioning phase as indicated in

Appendix 3. It has to be pointed out that conditioning effect was never lost after air

exposure (12 h) proceeding a thermal treatment and that the first level (5 kW/cm2)

could be obtained at the very first shot of the day with no RF aging at all (in this case

some breakdowns occur during the first second of RF injection).

Long pulses (5 min.) were obtained the first day of the outgassing program.

Conditioning at 20 kW/cm2 level was achieved late in the experimental program (after

treatment 5) and, at this record power level, breakdown-free RF injections were easily

obtained (figure 28) but has to be limited to 2-3 min. to avoid over-heating of RF

components.

It has to be noticed that a good RF contact was maintained all along the RF injections

up to a temperature, for the flanges, of 450°C, at 5 kW/cm2 (air cooling case) and

35O°C, at 15 kW/cm2 (no cooling). However some spots were observed on the contact

surface of the module and connections flanges (Figure 8).

5. OUTGASSING EXPERIMENTS

5.1. Experimental procedure

5.1.1. Thermal pre-treatments

Four types of thermal pre-treatments were performed at medium/high temperature and

with/without hydrogen pressure.

Treatment 1-and 2 : 300°C/60h. This treatment was reproduced after an air leak

which occurred after 4 days of experiments.

Treatment 3 : 300°C/60 h including 10 h with a pressure of hydrogen of 10 Pa.

Treatment 4 : 400°C/45 h + 450°C/l 0 h.

Treatment 5 : 400°C/50 h + 450°C/8 h/PD2 = 10 Pa.

5.1.2. Initial outgassing of the system

It is expected that outgassing during experiment depends on initial conditions of the

surface molecules coverage and therefore on initial outgassing Qo (see section 6).



19

Global initial outgassing of the system was measured before each RF injection. This

initial outgassing depends strongly on temperature (figure 29). Last baking (450°C in

deuterium atmosphere), seems to have reduced significantly, by a factor of 3, the initial

outgassing at 200°C.

5.1.3. Experimental parameters

75 shots were achieved with RF injection duration ranging between 1 and 101 min.,

with most of the shots between 5 and 30 minutes.

Experiments were run with 3 initial temperatures: 200°C (35 shots), 100°C

(15 shots) and 20°C (25 shots). For the first shot of the day, temperature gradient of

the module was very low, but the air cooling system could not remove the heat

homogeneously and down stream region was hotter than upper stream by almost 60°C

for the worse case (230°C-170°C).

Effect of power level, deuterium gas puffing (20 shots) before and during RF injection

was tested.

In order to obtain thermal equilibrium of the module, air (11 shots) and water cooling

(13 shots) were used.

A data base has been established for the 75 shots indicating the main parameters and

the outgassing flux at T = 200, 300, 400 and 500°C.

5.2. Experimental results

5.2.1. Time evolution of pressure

As already observed during previous experiments on Tore Supra prototype module III

and TdeV prototype module 121, the pressure increases quasi exponentially during RF

injection. However for the first long pulse injection (5 kW/cm2-5 min.), pressure just

increases by a factor of 2 (figure 30). During the ramp-up phase of the power,

3 breakdowns occurred however the pressure recovers its initial value in less than 10 s.

Total amount of gas desorbed per breakdown is 1.5 10"5 Pa.m3 which is only a factor

of ~ 2 larger than previous measurements on Tore-Supra test module /I/.

Because of this slow evolution of the pressure, the pulse duration was extended to the

maximum compatible with safe operation : power was switched off when the maximum
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temperature reaches 500°C. However, even for these very long pulses, up to 101 min.,

saturation of the pressure was never observed In section 6, this point will be discussed.

To focus on temperature dependence of outgassing, it is useful to plot, on a semi-log

plot, Q versus 1/T (Arrhenius plot). Such a curve shows a linear dependence up to

400-45 0°C (figure 31) and the slope can be interpreted as the activation energy of the

desorption phenomena (see sect. 6). For higher temperature, outgassing flux increases

even faster. This can be related to an other mechanism of desorption or desorption

coming from the connection waveguides.

5.2.2. Residual gases composition

During the RF injection, residual gas composition was evaluated by calculating the ratio
p.

—= (i = H2, H2O, CO, CO2). Although the total pressure increases by almost 2 orders
ptot

of magnitude, this ratio is fairly constant for H2O, CO and CO2, until temperature of

the module reaches 400°C (figure 32). Only an increase of hydrogen concentration is

observed from 16 to 26% at 370°C while CO and CO2 concentration decreases

slightly. Above 400°C, CO and CO2 concentration increases and at 500°C, 50 % of

the desorbed species are CO2 molecules.

At the onset of the RF power, 3 breakdowns occurred, the pressure rose sharply but

recovered in less than 10 s. During this transient phase, the main desorbed gas is

hydrogen (= 60 %).

An Arrhenius plot indicates a close value of the slope for the 4 main outgassing fluxes

(figure 33). For all species, but H2, a large increase of the partial pressure is observed

above 420°C.

5.2.3. RF power dependence

To evaluate the RF power dependence on outgassing rate, experiments were run at

different power levels (5, 10, 15 kW/cm2) and the outgassing rates Q were compared

by plotting LogQ as a function of 1/T (figure 34): for the 3 powers, very close curves

are obtained with the same slope (Ed = 0.40 eV) and the same trend to further increase

over T * 450°C. A statistical analysis of 70 shots confirm this result: the outgassing

rate, measured at T = 400°C, shows a large scattering, due to the different conditioning

state, but no power dependence (figure 35).
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5.2.4. Evolution of outgassing with aging and thermal treatment

Outgassing has been systematically analysed at T = 300, 400 and 500°C for the

55 available shots. As already observed, the outgassing rate decreased from shot to shot

due to baking effect provided by the RF losses. In this experiment where the

temperature of 500°C was routinely reached, this baking effect is strong : the module

was baked above 300°C, which is the first baking temperature, during = 50 % of the

RF injection time. A relevant parameter to characterize this baking effect is the

integrated injected energy which is proportional to the integrated absorbed energy by the

module (= 3.5 %). Figures 36, 37 and 38 show the outgassing flux measured at 300,

400°C and 500°C respectively as a function of the integrated energy. The first shot

after a thermal treatment is plotted with a closed circle.

The largest outgassing flux Q ever measured was 5.10"3 Pa.m3/s

(q = 3.10-6Torr.ls-1.cnr2) at the end of the first very long shot where 500°C was

reached. This large outgassing was never obtained again even after air exposure.

The first shot after air exposure and thermal treatment has a higher outgassing rate. A

strong decrease of the outgassing rate is later obtained, particularly for the first series

where the outgassing rate at 400°C decreases by almost 2 orders of magnitude to

values in the 10"9 Torr.^.s^.cm"2 range. Preliminary baking at 450°C was also efficient

for reducing the outgassing rate at high temperature (400 and 500°C) by a factor 2 to

10.

For outgassing rate below 10"8 Torr.^.s^.cnr2, the dynamic method leads to large error

bars and the outgassing rate has been measured by the build-up method : the data show

a small scattering (figure 39) and an "ultimate" outgassing rate Quit can be given :

Quit = 2.10"10 Torres"1.cnr2 at T = 300°C

Quit - 6.10-10 TorrXs^.cnr2 at T = 400°C

Other treatments (baking in H2 or D2 atmosphere) have no significant effect on

global outgassing. After baking at 450°C in deuterium, mass spectrometry indicates

that a large amount of deuterium is outgassed, specially involved in HDO and D2O

moleculed (figure 40). This deuterium was observed all along the last serie of shots).

Isotopic ratio D/D+H evaluated from M = 2, 3, 4, 18, 19, 20 peaks decreases from

40% (shot 945) to 20% (shot 1084). However hydrogen-like molecules content

remain rather low (PH2+ PD2 = 3Q %y
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5.2.5. Effect of gas puffing

In order to reproduce the scenario of RF injection during a plasma shot, gas puff was

performed before switching on the RF. This time delay, of about 20 s, has to be scaled

with the pumping time constant (0.7 s for deuterium) whereas in a tokamak time delay

is typically 3 s and pumping time constant, which depends on the geometry and the

installed pumping speed, can be as low as 100 ms 161. The same deuterium gas puff

was also performed during the RF injection. The maximum pressure is about 10~2 Pa.

Deuterium is indeed immediately pumped out by the pumping system and no further

desorption of deuterium is measured in both cases (figure 41) even at the onset of the

power where an increase of H2 pressure is only observed.

Moreover, at least up to 10 kW/cm2, no breakdown occurs despite the pressure increase

and the reflected power as well as the incident phase at the output of the module vary

very little (on a time scale of 0.6 s which is the acquisition data rate for the shot of

figure 42).

5.2.6. Control of the temperature rise rate

Without active cooling, the temperature increases linearly with time. By cooling the

module and the connections with air, at a flow rate of 700 W/min., the temperature rise

rate was reduced from 0.3°C/s to 0.025°C/s (figure 43), in the case of injection at

5 kW/cm2. This allowed, for this case, to extend the RF injection duration from 32 min.

to 101 min. (with initial temperature Tj = 20°C) until the maximum temperature of

500°C was obtained (figure 44)! Air cooling had also an effect on the temperature

profile (figure 45): due to the more efficient heat exchange with cool air at the RF

input, the maximum temperature was reached in the downstream part of the module and

the average temperature of the module is lower with respect of the uncooled case.

However an Arrhenius plot shows a similar temperature dependence of the outgassing

with, however, a final outgassing larger by a factor of 3 for the air-cooled case

(figure 46). This can be explained by a lower average baking temperature of the

downstream section of the module. The final outgassing flux, at 500°C, is of the order

of 5.10"6Pa.m3/s (q = 3.109Torres"1.cnr2).
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5.2.7. Stationary outgassing

Experiments were run from room temperature with water cooling of the module (flow

rate : 12.5 ^Ymin.). After 30 min. of power injection quasi-stationary temperatures were

obtained all along the module and the connection waveguides up to a power level of

15 kW/cm2 (figure 47). The largest temperature rise rate, in the down-stream section, is

about 5.1O"3K/s and below 10'3 K/s in the other sections. Even for the highest

density power (15 kW/cm2), where the maximum temperature of the module was

180°C, pressure is constant during the entire injection (P = 1.5 10"5 Pa). Measurement

of outgassing flux by the build-up method indicates also a steady state outgassing

(Q = 3.10-7Pa.m3/s, q = 2.10-10Torr.f s^.cm-2).

6. DISCUSSION

6.1. Desorption models

6.1.1. Modelisation of surface desorption

Outgassing can be described from a surface desorption model which considers surface

trapping sites 111. In this model molecules in the gas phase are in equilibrium with

trapped atoms or molecules on the surface. Thermal energy, provided by baking,

competes with the binding energy of the atom or molecule to the surface (the activation

energy E). The rate of molecules leaving the surface (the desorption rate Q(t)) is

described by a standard chemical kinetic equation : this rate is proportional to the

number of available atoms or molecules a on the surface and to an exponential term

which represents the temperature dependence of the equilibrium :

(6)

v n is a constant and n is the order of the reaction. For example, for H2, if the molecule

is atomically adsorbed, we have the following desorption process :

+ H ads ___> fydes n = 2 (7)

If H2 is adsorbed in the molecular state, the desorption process is the following :

H2
ads---> H2

des n = 1 (8)
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This equation can be analytically solved when E et v n are presumed independent of

a:

Q(T) = Q0.exp -E.U

t

exp-vJexp- —dt (n=l) (9)

(n =

Where Qo = (T=T0) is the initial outgassing.
dt

As an example, Q(T) was computed for a linear increase of the temperature

T = T0 + bt with To = 2OO°C, Qo = lO^Torr.ls^.cm"2, b = 0.32K/s and

E = 20 kcal/mole (0.85 eV) in the case of a second order reaction (figure 48-a).

Computation has been run for 3 cases of initial coverage ao = 0.47, 1.4 and

4.7.1015 molecules/cm2 which correspond to respectively 1, 3 and 10 mono layers of

H2O.

For T < 0.9 Ti^ the second exponential term of eq. (9) and (10), with the integral, is

closed to 1 and can be neglected. Therefore, a semi-log plot of Q vs 1/T, gives a line of

slope -E for both models of desorption. During this phase, the surface molecules

coverage a is quasi constant (figure 48-b).

Effect of RF power was also investigated by varying the temperature increase rate
dT

b = ~JT which is proportional to the power in the case of no cooling. Figure 49 shows

that the initial slope, proportional to E, is not affected. This is consistent with the

experimental results of figure 34. The only effect predicted by this model occurs when

the temperature T is closed to the temperature Tm of maximum outgassing : the larger

is b, the larger is Tm and the associated outgassing.
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6.1.2. Modelisation of diffusion from the bulk

At high temperature, diffusion from the bulk may become significant. Diffusion process
is expressed by the basic equation :

where c(x) is the density of molecules/atoms in the bulk and D the diffusion
coefficient in the bulk. D has the following temperature dependence :

D(T) = D0 exp ( ^ ) (12)

Outgassing Q due to a diffusion process is given by :

If D(T) * t/d2 > 0.025 (d : thickness of the wall), then the density distribution function

becomes as follows :

. 4 . roc ( 7t2Dt ,
c(x,t) = co - sin—- exp = - ] (14)

K d dz

where Co is the initial density (constant across the bulk).

After baking at a temperature of Tb during t-n,, the density c(x,t) approximately
becomes at a temperature T :

. 4 . roc f 7t2D(Tb)tb
>l { K2V(J)\\ , , . .

c(x,t) = co - sin— exp \ D D exp ^ - (15)
n d ^ d2 ) { d2 )

When T is lower than Tb, D(T) is usually small and the second exponential factor
can be cancelled out. The outgassing rate will be :

- 4 c 0
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Equation (17) has the same temperature dependence than eq. (9) and (10) of surface

desorption when the integral term of is negligeable.

The first exponential term may express the baking effect at high-temperature, namely it

means reducing rate of residual gas in the bulk as illustrated in figure 50. For instance,

outgassing rate and baking effect are shown in figure 51 in the case of H2 in stainless

steel with the following parameters :

Do =1.658 10-6 m2/sec

ED = 18.5 kcal/mol (=0.8 eV)

Co = 0.3 Torr I/cm3

. d = 2 10"3m.

For H2, it is indeed possible to pump out interstitial gas from 2 mm thick walls : after

450°C-60 h baking (figure 52), gas concentration is reduced by a factor 10. If the

activation energy is slightly lower the reduction is even more drastic : a 100-fold

reduction is obtained for ED = 0.65 eV. This calculation suggests that the baking at

high temperature (T > 450°C) is critical to reduce outgassing rate as far as hydrogen

diffusion from the bulk is concerned.

Diffusion of H2 in copper has been studied by different authors /8/, 191, /10/. The

activation energy for the diffusion coefficient is found to be smaller than for stainless

steel: ED = 0.3 - 0.4 eV, with a pre-exponential factor Do in the range of

0.2-1.1 10-6 m2/s, leading to a diffusion coefficient of 1 - 2 10"9 m2/s at 450°C and

baking at high temperature should be even more efficient than for stainless steel

(D«10-1 0m2 /s at 450°C). For other gases, very little has been published. The

diffusion coefficients are much smaller : for helium, the diffusion coefficient D is only

2.10"13m2/s at T = 450°C /10/ and for bigger molecules such as H2O, CO, CO2, the

diffusion process is even smaller. For such molecules, diffusion process may be

responsible for outgassing coming from a thin layer, close to the surface, of typical

thickness d given by the relation :

During an RF injection the waveguides are heated between 400 and 500°C during a

typical time of the order of 100 s. Eq.(18) leads to an effective desorption of the bulk

on a thickness d = 5.10"6 m (= 104 monolayers). This phenomena could explain the
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transition observed at T « 400°C from a surface limited desorption to a bulk limited

desorption with a higher activation energy.

6.1.3. Modelisation of adsorption

When the surface molecule coverage is very low (o < 1 monolayer), the adsorption

process becomes very important.

From gas kinetic theory, the flux of impinging molecules on a surface is given by :

(19)

A fraction s of these impinging molecules will be stuck on the surface. The sticking

coefficient s depends on the surface coverage, the chemical affinity of the molecule

and the surface metal. This adsorption process can be characterized by a pumping speed

S of the surface :

(20)

For molecules with a high chemical affinity such as H2O or CO2 on a surface with a

low molecule coverage a, s = 1 and the pumping speed is large : 15 ^.s"1 cm"2 for

H2O at T = 20°C. For large surfaces, it is clear that additional pumping provided by

pumping units can not, in most cases, compete with such pumping speeds and a low

molecules coverage is never obtained. When the temperature is rizen, desorbed

molecules are pumped out but, when the surface pumping becomes efficient (i.e. when

the surface coverage is of the order of 1 monolayer), desorbed molecules are

readsorbed. Consequently, the decrease in outgassing rate, as predicted by a simple

desorption model (figure 48), is never observed. The readsorption process is even more

clear in the case of the longest shot (101-min. injection) where the decrease of

outgassing is expected after 30 min. of injection (figure 52).

6.2. Evaluation of the activation energy

It has been shown (figure 33), that the activation energy deduced from LogQ = f (1/T)

curve had closed values for the main species, therefore a "global" activation energy can

be defined from the total pressure measurement. Due to the low outgassing rate,

accuracy is rather poor and error bar is estimated to be ± 0.2 eV.
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For the early shots, activation energy of 0.9 eV (20 kcal/mole) was measured. This

value is closed to the one obtained in previous experiments /11/. From shot 97, much

lower values of Ed were obtained, around 0.3 eV. A histogram of Ed shows a large

scattering (figure 3). Average value is 0.27 eV and standard deviation is 0.19 eV. This

value was confirmed by measurement of the outgassing rate with the build up method

(figure 54) which indicates an average value of 0.34 eV and a standard deviation of

0.15 eV.

6.3. Comparison with previous experiments

For the prototype module of Tore Supra, outgassing measurements were performed

during 1 min. RF injection /I/. This experiment was done on a short-circuited module

with a large modulation of the temperature in the propagation direction and also along

the module height. In reference /I/, the outgassing rate after different thermal treatments

is documented: the outgassing rate varied from 5.10"5 (first shot) to

2.10"7 Torres*1.cm*2 at T = 300°C. However, because of the temperature modulation,

it is estimated that the actual maximum temperature was much higher, between 350°C

and 400°C and for this reason, the data were compared with the ones, obtained from

this experiment at T = 400°C, after the same initial thermal treatment (300°C baking).

The data were plotted as a function of the integrated injected energy (figure 55). Despite

the differences in experimental conditions (RF losses higher by a factor = 4 for the TS

module, higher rf-induced baking temperature for the JAERI module), it is found the

same scaling for both experiments. However, the main reason for the high outgassing

rate, in this previous experiment, is the lower baking effect due to much shorter RF

injection length. This is confirmed by the test of the TdV prototype module, which

was, before installation, baked at 450°C for 1 h and then in-situ baked at 350°C for

60 h 121. For the first 1 min. long shot, an outgassing rate of S.lO^TorrXs^.cnr2

was measured at T = 400°C for this short-circuited module after this high temperature

baking procedure.

7. CONCLUSIONS

The test module showed good RF properties : low VSWR and low RF losses consistent

with calculations. However the increase of power reflection during long pulses suggests

some elastic deformation of the module. Moreover, at high power level, a resonance

phenomena, which occurred above 450°C, was interpreted, from calculation, as a

consequence of a slight unbalance in the height of the 4 waveguides.
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Outgassing flux and related outgassing rate of the module has been measured in various

experimental conditions (initial temperature, RF power, different coolings, different

thermal treatments).

Averaged on the whole surface of the module, the outgassing rate, measured at 400°C,

decreased during the experiment from 2.10"7 to 6A0-l0Ton.ts-l.cmr2. Before

preliminary baking at 450°C for lOh, the lower value was already below

5.10"9Torr.^.s'1.cm"2. This strong conditioning effect is due to the high temperature

baking by the RF injection : before this preliminary baking, the module was actually

baked between 400 and 500°C during a cumulated time of about 3 hours by

injecting 6 GJ of RF power. These values are consistent with previous results:

1) from the TS and JET prototype module with low temperature baking (300°C) and

small conditioning effect due to a low baking by the RF injection (less than 10 min.

above 350°C),

2) from TdV prototype module with high temperature baking (450°C + 350°C in-

situ).

Outgassing model of desorption tells that an Arrhenius plot (LnQ = f(l/T)) should

follow a straight line over a wide range of temperature. This was indeed observed in

most cases and the RF induced baking is not different from standard methods of baking.

In particular, there is no direct effect of the RF power level on outgassing rate.

Saturation of the outgassing was never observed, whereas simulations indicate that such

a saturation should occur between 350 and 450°C, depending upon the initial

molecules coverage, and even at lower temperature in the case of temperature control by

air cooling. It means that readsorption at the surface does occur and coverage in

molecules cannot be reduced by more than 50 % of the initial value. .This was

confirmed by deuterium injection before/during RF injection which shows no further

release of deuterium and no pumping effect of the walls of the waveguides indicating a

still high molecules coverage.

Gas composition does not vary up to 400°C : it is mainly H2O and CO2. Above

400°C, CO2 and CO concentrations increase. H2 content was found small (20 %),

except when a breakdown occurs (= 60 %). After baking at 450°C in D2 pressure,

main D atoms ofthedesorbed gases are linked in water molecules.

Global activation energy of the early shots, before high temperature baking by the RF

wave, was very similar to previous experiments (Ed = 0.9 eV = 20 kcal/mole) but then
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decreases to Ed 0.3 eV. Despite the poor accuracy in Ed determination (Ed

calculation may be very sensitive to the value of Qw), this decrease is believed to be

real: it may be due to the change of a highly loaded surface (10 monolayers) to a lower

loaded surface (few monolayers). Above 400°C, the further increase of the outgassing

could be explained by a different desorption process which,might involve diffusion

from a thin layer (== 5.10"6 m) close to the surface, strongly enhanced for CO, CO2,

H2O at this temperature.

For the pumping of large CW antennae, the following design values of outgassing rate

can be given:

After 300°C baking q = 10"8 Torres" l .cm"2 at 300°C

10-7Toir./.s-1.cm-2at400°C

After 450°C baking q = 3 \Q-l07onJ.s-Kcm-2 at 300°C

10-9 Torr.-f.s-1 .cm"2 at 400°C

These values are low enough to require a reasonable pumping speed for an antenna of

several tens of MW.
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APPENDIX 1:

GENERAL DATA FOR THE MODULE AND THE CONNECTIONS

JAERI module

a (cm)
b(cm)
L(cm)

RF transmission

surface (cm2)

Mass (kg)

Mass/length mo(kg/m)

moCp(J.m-l-k-l)

Outgassing surface (m2)

Number of pumping holes

Conductance (N2,20°C)(#s)

5.73
0.75

100.0

17.2

18*

16.5*

7080**

0.93

33/wall (<D = 4)

90

RF losses surface (m2)

RF losses at 300°C

andlOkW/cm2 (kW)

DT
jy£ due to RF losses at 300°C

andl0kW/cm2(°C/s)

0.52

4.8***

0.68

•Assuming the following volumic density p :

Cu-Al2O3 /Cu-Zr

p (g.cm-3) 8.96

** Assuming the following specific heat Cp :

Cp(J.kg-l.K-l) 385

*** Assuming the following resistivity p (10~8 Q.m unit):

T(°C) 20 100 200

Cu-Al2O3 2.0 2.6 3.4
(module)

Cu-Zr 1.9 2.5 3.2
(connections)

CEA connection wg

7.6

3.6

2 x 76.5

27.4

2x16*

20.0*

7690**

0.86

96 (<D = 5)

219

0.35

1.4***

0.12

Stainless steel

7.8

460

300

4.2

4.0
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APPENDIX 2 :

TEST BED FOR HIGH POWER TEST

AT THE LOWER HYBRID FREQUENCY IN CADARACHE

1. TRANSMITTER

1.1. Klystron

Tube Thomson CSF TH2103

3.7 GHz ± 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).

1.2. Transmission line

Standard waveguides WR 284

Water cooled (A Pmax = 6 bar)

Pressurized with SF6 (Pmax = 1.3 bar).

1.3. RFload

Thomson-CSF

Water cooled

500 kW-CW.

1.4. RF measurements

6 power measurements (3 x Pi + 3 x Pr)

2 phase measurements.

2. HIGH VACUUM TANK

2.1. Dimensions

L x f x h = 2200/3200 x 140 x 250 mm

Volume : 142 ^ (possible extension : 250 i)

Outgassing surface : 3.2 m2 (possible ext. 4.7 m2).
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2.2. Pumping and gas injection

Turbomolecular pump of 500 &s

Gas injection system for H2, Ar, N2

2 B.A. jauges 2 Pirani jauges

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

2.3. Baking system

Bakable up to 450°C

Glow discharge cleaning (600 V - 15 A DC supply)

6 thermocouples

Base pressure at 20°C : < 10"5 Pa).

2.4. Cooling system

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

tested.

2.5. Flanges

Flange supporting the RF window (250 kW, water cooled) bakable at 150°C

(Viton O-ring) and different size feedthroughs (<j) = 16, 32, 64)

Flanche (fy = 32) for 4 thermocouples in vacuum

12 view ports (<j> = 32).

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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Date

APPENDIX 3 :
RF PERFORMANCE OF THE TEST MODULE

Number of
10 ms pulses

1500

Number of
continuous shots

60 (3 s)

Power level
achieved

5 kW/cm2 (6 s)Oct. 15

l :300°C/60 hours

Oct. 19 600 30 (10 s) 5kW/cm2(5mn)

Oct. 20 300 5 (5 s) 5kW/cm2(16mn)

Oct. 21 1000 5 (10 s) 10kW/cm2(9mn)

2 : 300°C / 60 hours (after air leak)

Oct. 28 500 10 (2 s) 15 kW/cm2(10 ran)

3 : 300°C / 50 hours + 300°C /10 hours / PR2 = 10 Pa

4 : 400°C / 45 hours + 450°C / 10 hours

5 : 400°C / 50 hours + 450°C / 8 hours / PD2 = 10 Pa

Nov. 18 1000 2 (2 s) 20 kW/cm2 (2 mn)
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FIGURE CAPTIONS

Figure 1 : Photograph of the test module 1

Figure 2 : Schematic drawing of the test module

Figure 3 : The cooling channel route

Figure 4 : Schematic drawing of cooling assembling

Figure 5 : Schematic drawing of the JAERI flange

Figure 6 : Photograph of the assembling of the test module to a connection waveguide

Figure 7 : Measurements of the 4 waveguides height profile aj(z) Arrows indicate

measurements before experiment

Figure 8 : Photograph showing the downstream flange after experiment

Figure 9 : Photograph of the experimental set-up

Figure 10 : Sketch of the experimental set-up

Figure 11 : Drawing of the test module installed in the vacuum tank

Figure 12 : Schematic drawing of a CEA connection waveguide flange

Figure 13 : Schematic drawing of the connected flanges showing the step transformer

Figure 14 : Temperature and pressure during a baking cycle

Figure 15 : Initial baking of the stainless steel vacuum tank

Figure 16 : The measurements system

Figure 17 : RF signals shape during a 10 kW/cm2-860 s shot Pioad is calculated from

calorimetric measurements



37

Figure 18 : Calibration of the QMG112 mass spectrometer

Figure 19 : Comparison of Ptot and P2 + Pis + ?28 + ?44 during a shot

Figure 20: Q-Qw versus 1/T for different Qw values

Figure 2 1 : VSWR of the module in the 3.69 - 3.71 GHz band before experiment

Figure 22 : VSWR of the module in the 3.69 - 3.71 GHz band after experiment

Figure 23 : a) Calculated and measured RF losses of the module and the connection

waveguides

b) Calculated and measured total RF losses (measurements are given by

calorimetry)

Figure 24 : Temperatures evolution during a shot when a resonance occurs

Figure 25 : RF measurements during the same shot as figure 24

Figure 26 : Simulation of the power transmission coefficient assuming unbalanced height

of the 4 waveguides

Figure 27 : First RF conditioning of the module (incident/reflected powers and gas

pressure are shown)

Figure 28 : RF injection at the 20 kW/cm2 level: incident power, power in the load and

2 module temperatures are shown

Figure 29 : Evolution of the total initial outgassing

Figure 30 : First long shot 5 kW/cm2 level: incident/reflected powers and gas pressure

are shown

Figure 31 : Arrhenius plot of a 5 kW/cm2 - 17 min. shot

Figure 32 : Time evolution of gas composition during shot 131
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Figure 33 : Arrhenius plot for the 4 main outgassed species (shot 131)

Figure 34 : Arrhenius plot for 3 shots at different power levels

Figure 35 : Outgassing flux, at 400°C, as a function of the RF power

Figure 36 : Histogram of the outgassing flux, at 300°C. Different baking treatments are

indicated with a dashed line

Figure 37 : Histogram of the outgassing flux, at 400°C. Different thermal treatments are

indicated with a dashed line

Figure 38 : Histogram of the outgassing flux, at 500°C. Different baking treatments are

indicated with a dashed line

Figure 39 : Ultimate outgassing rate at T = 300 and 400°C

Figure 40 : Mass spectrum during RF injection after baking at 450°C in deuterium

atmosphere

Figure 4 1 : Time evolution of H2 and D2 partial pressures after 2 D2 injections

Figure 42 : Time evolution of the reflected power and the incident phase, at the output,

during a D2 injection

Figure 43 : Time evolution of the temperature of module (central part) for different cooling

scenarii

Figure 44 : Time evolution of the temperature and the pressure when the module is air-

cooled (shot 936)

Figure 45 : Temperature profile for different cooling scenarii

Figure 46 : Arrhenius plot for shot 935 (no cooling) and shot 936 (air cooling)

Figure 47 : RF injected power, module temperatures, pressure vs time in the case of

water cooling
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Figure 48 : Simulation of outgassing and molecules coverage vs 1/T for 3 cases of initial

coverage Go = 1,3,10 monolayers of H2O (To = 202°C,

Qo = 10-9 Torres-^cnr2, b = 0.32 K/s)

Figure 49 : Simulation of outgassing and molecules coverage vs 1/T for 5 cases of

temperature rise rate b = 0.03,0.3, 0.6, 0.9,1.2 K/s (To = 202°C,

Qo = 5.10'10 Torres-1.cm-2, Go = 1.51015 cnr2)

Figure 50 : Schematic explanation of baking effect on diffusion process

Figure 5 1 : The baking effect factor for a diffusion process

Figure 52 : Simulation of outgassing rate vs 1/T in the case of temperature rise with

saturation (Air cooling). T = 500°C, x = 2500 s, To = 40°C,

Qo = 10-11 Torres-1.cnr2

Figure 53 : Histogram of the global activation energy

Figure 54 : Histogram of the global activation energy (build-up method)

Figure 55 : Comparison of outgassing rate on Tore Supra, Tokamak de Varennes and

JAERI module



Figurel. Photograph of the test module 1
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Figure 8. Photograph showing the downstream flange
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Figure 9. Photograph of the experimental set-up
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Figure 51. The baking effect factor for a diffusion process
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Figure 52. Simulation of outgassing rate vs 1/T in the case
of temperature rise with saturation (Air cooling).

Too= 500°C, T = 2500 s, To = 40°C, Qo = 10-11
Torr.Ls-l.cm-2
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Figure 53. Histogram of the global activation energy
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Figure 54. Histogram of the global activation energy (build-
up method)
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Figure 55. Comparison of outgassing rate on Tore Supra,
Tokamak de Varennes and JAERI modules


