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CEFDA01-645 
 
Task Title: SUPPORT TO NEUTRAL BEAM PHYSICS AND TESTING 1 
 
 
INTRODUCTION 
 
 
The European concept for a 1 MeV, 40 A negative ion 
based accelerator for the neutral beam system on ITER, the 
SINgle GAP, SINGle Aperture (SINGAP), is an attractive 
alternative to the ITER reference design, the so-called 
Multi-Aperture, Multi-Grid (MAMuG) accelerator. The 
SINGAP accelerator has many potential advantages over 
the MAMuG system but before SINGAP can be chosen for 
the ITER injectors two key areas must be demonstrated. 
The first and most important key area is to demonstrate the 
ability to hold 1 MV over the single acceleration gap. The 
second area is to verify the correctness of the model used 
for the prediction of the beam optics. Figure 1 shows the 
SINGAP testbed. 
 
 
2002 ACTIVITIES 
 
 
EXPERIMENTAL RESULTS 
 
The R&D objective for phase 1 of the EFDA contract 01-
645 is to demonstrate the voltage holding of 1 MV with a 
main acceleration gap of 350 mm, first without gas or beam 
and thereafter with gas from the ion source and with an 
accelerated negative ion beam.  
 
 

The demonstration of voltage holding without a beam but 
with additional gas has been performed [1]. The best results 
obtained were 943 kV without breakdowns. This was done 
with an atmosphere of deuterium at a pressure of 0.028 Pa 
in order to avoid dark currents. The highest voltage that was 
obtained with helium, with the same pressure 0.028 Pa in 
the tank, was 918 keV (note that the pressure at the exit of 
the ITER accelerator is calculated to be 0.02 Pa). Higher 
voltages were not tested in order not to put the 1 MV power 
supply at risk (the power supply has already been damaged 
once in 2000 when voltages close to 1 MV were used.) 
 
When the voltage holding without additional gas for the 
two main acceleration gaps is compared, it is found that the 
hold-off is slightly lower for the shorter gap (350 mm) 
compared with the previous longer main acceleration gap 
(627 mm), see figure 2. On the positive side is that the 
number of breakdowns is reduced with the shorter gap. This 
could, however, also be explained by the new extended 
earth screen at the bushing that was installed at the same 
time as the main acceleration gap was reduced. 
 
Deuterium negative ion beams have been accelerated 
without caesium in the ion source up to an energy of 
673 keV using 11 apertures, each with an extraction surface 
of 1 cm2 [2]. The shortened main acceleration gap has led, 
as expected, to a much stronger electrostatic lens at the exit 
of the pre-accelerator. As a consequence the beamlets cross 
over closer to the accelerator. 

 

 
 
 

Figure 1 : The SINGAP testbed 
 

(1) negative ion source 
(2) extractor / pre-accelerator 
(3) extension piece for changing 
 acceleration gap 
(4) post-accelerator (+1 MV) 
(5) electrostatic screen (0 V) 
(6) 1-D CFC graphite target 
(7) 1 MV bushing 
(8) C120 porcelain 
(9) Vacuum moulded Sipremite  
 epoxy 
(10) 7x Permaglas epoxy 
(11) 9x100 MΩ resistor chain  
(12) vacuum vessel floor (0 V) 
(13) infra-red camera 
 
The background pressure of <10-7mb is 
provided by cryo pumps at 4.2 K. 
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Figure 2 : High voltage conditioning shots 

for main acceleration gaps of 625 and 350 mm 
 
Since the lens strength increases with the acceleration field, 
the cross over moves towards the accelerator as the beam 
energy is increased. An upper limit is reached when the 
outer beamlets fall outside the carbon target. To avoid this 
the aperture array was masked to leave only the central 4 
apertures open. With this arrangement beams with an 
energy of 916 keV were produced. The current density 
obtained at the target was 50 A/m2 with caesium added to 
the source discharge. The dark current was suppressed 
almost completely by adding helium or deuterium to the 
SINGAP vacuum tank up to a pressure of 0.02 Pa. 

In general, good agreement has been found between the 
measured (using an infrared camera) and predicted (Opera 
3D from VectorFields ) beam power density footprints on 
the target. 
 
Some discrepancy between the measured and calculated 
beam profiles was however found when the beam 
perveance was increased, see figure 3. A scan was 
performed at a relatively low main acceleration voltage 
(300 keV) and some proof of space charge neutralisation 
was seen. 
 
It is likely that this phenomenon only happens with the 
present pre-accelerator configuration with a very long pre-
accelerator grid support structure. In that essentially field 
free region the beam can be completely or partially space 
charge neutralised by positive ions created by beam 
ionisation of the background gas. The highest current 
density obtained during this relatively low main 
acceleration voltage was 80 A/m2. 
 
The present HV power supply can deliver 1 MV with a 
maximum current of ≈100 mA. The dark current can easily 
reach 100 mA even at as low voltages as 500 kV. In order 
to suppress it, the pressure in the vacuum vessel has been 
increased by introducing an additional gas in the main 
vacuum vessel, usually using helium as it is not pumped by 
the liquid helium cryo condensation panels. Some initial 
studies of the dark current have been carried out with a 
temporary “dark current probe” installed in the vacuum 
tank with the aim to identify the mechanism and/or to 
suppress/reduce the dark current [1]. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3 : Generally good agreement was found between measured and predicted footprints, see the two figures on the right - 

On the left hand side some disagreement is seen. It is probably caused by space charge neutralisation in the accelerator, 
which was not included in the codes used 

 

Comparison of HV-conditioning for acceleration gaps 
of 625 mm and 350 mm. 

0

100

200

300

400

500

600

700

800

900

1000

1100

0 20 40 60 80 100 120 140 160
ACCUMULATED ON-TIME (min)

V
H

T
 (

kV
)

VHT 350 mm VHT 625 mm

added H2 H2

HeHe



 - 7 - EFDA technology / Physics Integration / Heating and Current Drive 
 

A new retractable dark current probe has been 
manufactured and installed on the SINGAP test bed but no 
measurements have been performed. 
 
MODELLING 
 
Three major areas of modelling have been addressed: 
 
1 Study of particle trajectories for the SINGAP pre-

accelerator and post accelerator: 
 

1.1. Comparison with experimental data 
1.2. Sensitivity to voltage variations of the ITER 

SINGAP accelerator 
 
2 Study of the gas density distribution in the ITER neutral 

beam accelerator. 
 
The particle trajectories have been modelled using three 
different codes. The pre-acceleration stage with the 
CADSLAC code, the post-acceleration stage with 
VectorFields OPERA-3D module SCALA and the beam 
transmission to the target with a purpose-written code 
called TRANSMIT. The results are presented in [3]. 
 
In low space-charge conditions very good agreement has 
been found between the experimental data and the 
calculations. In medium space-charge conditions not many 
experiments have been done so far, since the test bed has 
not yet reached its full performance. Therefore, although 
reasonable agreement has been found between the 
calculations and the experimental data, the data available 
from SINGAP is as yet insufficient to say that the codes 
correctly predict the beam behaviour under all foreseen 
conditions.  
 
The sensitivity study for the ITER SINGAP accelerator [4] 
shows that the beam transmission is not very sensitive to 
either the extraction voltage or the pre-acceleration voltage. 
The largest change occurs when the extraction voltage is 
increased by 10 %, a change in transmission of almost 
2.5 % results. In all other cases, the change in transmission 
is of the order of 1 % (for a 10 % change). It is also shown 
that the transmission is insensitive to a change in post-
acceleration voltage, provided the change is below 5 %. In 
that case the maximum drop in transmission is 1.6 %. If the 
post acceleration voltage is changed by 10 % the 
transmission can drop by as much as 5.6 %. 
 
The sensitivity of the beam transmission with respect to the 
extracted current is quite strong, about a 7 % fall in ion 
transmission occurs for a 10 % change in current density. 
This emphasises the need for a uniform source. 
 
A 3D Monte Carlo code has been modified and used for 
calculating the gas density distribution in the accelerator  
for both the MAMuG and the SINGAP variant. The gas 
density distribution, gas flow, stripping losses, and electron 
generation have been analysed. The results are presented in 
[4]. Results from this code will serve as input data for the 
calculation of the electron trajectories in the accelerator and 
the subsequent calculations of the accelerator efficiency, as 
well as power density to the accelerator and downstream 
components. 

DESIGN AND PROCUREMENT FOR THE NEW ION 
SOURCE AND PRE-ACCELERATOR 
 
In order to demonstrate ITER SINGAP beam optics, a new 
actively cooled ion source and an ITER relevant pre-
accelerator will be build and operated. The design has been 
completed and the procurement of the various components 
is well underway.  
 
The drawings of the beam source and "ITER like" 
accelerator were started in March 2002. The grids will have 
an aperture pattern of 5 x 5. The extraction and pre-
acceleration grid are water-cooled and have permanent 
magnets for electron suppression and/or ion trajectory 
correction. For experiments at the highest current densities 
(~200 A/m2) only 3 of the 25 apertures in various 
configurations (centre, edge etc.) will be used for beam 
extraction (100 mA limitation of the HV power supply). 
The various aperture configurations will be provided by 
different (uncooled) plasma grids. 
 
The ion source design is based on the Drift Source 
("Sourcette") presently being used on SINGAP, thoroughly 
revised to operate at elevated power levels, which should 
guarantee >200 A/m2 in deuterium. The existing source end 
flange (2 m diameter) of the SINGAP beam tank cannot be 
modified for the envisaged application and has to be 
replaced. 
 
The entrance opening of the SINGAP electrode will be 
moveable (perpendicular to the beam axis) to allow global 
beam steering to be demonstrated. 
 
The source, extractor and pre-accelerator are mounted on 
one common 1 m diameter flange, which bolts onto the 2 m 
diameter end flange. This will simplify transport of the 
SINGAP concept for testing elsewhere (e.g. at JAERI in 
Japan up to 1 A) leaving the fairly simple post-accelerator 
as the only major component to be re-built. 
 
 
REPORTS AND PUBLICATIONS 
 
 
[1] Voltage Holding and Dark currents in the Cadarache 1 

MV Ion Beam Facility –paper. P. Massmann, D. 
Boilson, H.P.L. de Esch, R.S. Hemsworth and L. 
Svensson. XXth ISDEIV, Tours, France, June 30 – 
July 5 2002. 

 
[2] Latest results from the Cadarache 1 MV SINGAP 

Experiment. L. Svensson, D. Boilson, H.P.L.de Esch, 
R.S. Hemsworth, A. Krylov, and P. Massmann. 
SOFT, Helsinki, 2002. 

 
[3] First Simulations of the Cadarache SINGAP 

Experiments. - H.P.L. de Esch, D. Boilson, R.S. 
Hemsworth, P. Massmann and L. Svensson. 9th 
International Symposium on the Production and 
Neutralisation of Negative Ions and Beams, Saclay 
30-31 May 2002. 

 
[4] First intermediate report on EFDA contract 01-645. 
 L. Svensson. July 2002. 
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CEFDA01-646 
 
Task Title: SUPPORT TO NEUTRAL BEAM PHYSICS AND TESTING 2 
 
 
INTRODUCTION 
 
 
In Cadarache, development on negative ion sources is being 
carried out on the KAMABOKO ion source on MANTIS. 
The target performance for the KAMABOKO ion source to 
comply with the ITER R&D task description is to 
accelerate a D- beam, with a current density of 200 A/m2 
and <1 electron extracted per accelerated D- ion, at an 
injected power ranging between 1 and 2 kW per litre of 
source volume, and a source pressure of 0.3 Pa. For ITER a 
continuous ion beam must be assured for pulse lengths of 
1000 s, but beams of up to 3,600 s are also envisaged. 
 
 
2002 ACTIVITIES 
 
 
- The primary modification to the ion source was the 

installation of the “Frame Cooled Grid” (FCG), which is 
made of a copper chrome zirconium alloy, replacing the 
“Actively Cooled Grid” (ACG), which is made of 
molybdenum, that was used in previous long pulse 
campaigns. It has been suggested that the efficiency of 
the source, i.e. that the negative ion yield per unit 
discharge power, could depend on the material of the 
plasma grid, and that the yield could be higher when 
operating with a Cu/Cr/Zr grid than with the Mo grid. 
An experimental campaign was proposed in order to 
determine the efficiency when using the FCG the grid 
w.r.t. data collected with the ACG. No difference in 
source efficiency was observed with the different grid 
material. 

 
- Limitation of the water cooling system used during the 

previous campaign restricted the total discharge power 
in the KAMABOKO source to ≈ 45 kW. It has been 
shown that up to this power the total extracted ion 
current density increases linearly with the discharge 
power. Modifications have been made to the water 
cooling system on MANTIS, which allow operation of 
the source at powers up to 90 kW. It was hoped to 
demonstrate the linearly of the negative ion yield up to 
higher power levels, and, possibly to extract a current 
density double that achieved in the past. The highest 
current densities extracted were 140 A/m2 when 
operating for long pulses, of over 200 s. 

 
- Investigation into the temperature effect of the plasma 

grid on the negative ion yield was also carried out. The 
JAERI team have reported increases of > 100 % in 
accelerated currents with operation of the plasma grid at 
elevated temperatures. However from previous long 
pulse campaigns on MANTIS increase of only 40 % 
were observed. It has been demonstrated that the source 
wall temperature is an important parameter, and  
 

 operation of the source with cool walls (≤ 36°C) and 
increasing grid temperature allowed increases of 60 % 
in the accelerated current. 

 
- A very high Cs consumption was found during long 

pulse operation on MANTIS. It has been demonstrated 
that the increased loss does not arise from the flow of 
Cs+ from the source. 

 
- Set up and installation of the Cavity Ringdown 

Spectroscopy (CRDS) diagnostic has been initiated on 
MANTIS. It is proposed to use this technique to make a 
quantitative determination of the (line integrated) 
negative ion density in front of the plasma grid. Formed. 
Due to technical problems experienced with the 
NdYAG laser the complete alignment of this diagnostic 
was not achieved. 

 
- Investigation in to the effect of Ar seeding on the 

KAMABOKO ion source was carried out to determine 
the overall effect on the negative ion yield. Small 
increases in ion densities were observed but only at a 
source filling pressures, 0.5 Pa.[3], greater than that 
acceptable for the ITER ion source. 

 
RESULTS AND DISCUSSION 
 
Temperature Effect with the “Frame Cooled” Plasma 
Grid 
 
Investigation into the discrepancy between the short pulse 
measurements made in Japan (>100 %) and the long pulse 
measurement made on Mantis (40 %) of the effect of the 
plasma grid temperature was carried out. 
 
The observed enhancement in ion yield with Cs is thought 
to be due to the creation of an optimum layer of Cs on the 
plasma grid. Therefore it was hypothesized that this 
discrepancy was due to the difference in the flux of Cs to 
the grid because the different source wall temperatures in 
the two situations would change the flow of Cs into the 
plasma from the source wall. In the Kamaboko source, both 
the plasma grid and the source walls are heated by the 
discharge. It was proposed to de-couple the temperature of 
the source walls from that of the plasma grid in the hope of 
finding the balance that allowed the best conditions. In 
order to achieve this very short pulses of 25 s with a 
discharge power of 40 kW were run without water-cooling 
on the plasma grid edge. In this situation the temperature of 
the grid increased from shot to shot while the temperature 
of the source walls stayed relatively cold, being effectively 
cooled between pulses. 
 
Figure 1 shows the results obtained. It can be seen for a 
source wall temperature of ≤ 36°C and an increasing 
plasma grid temperature from 60°C to 260°C that an 
increase of 63 % could be seen in the overall extracted 
current. 
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This increase is much larger than anything seen before ) 
with the KAMABOKO source on the MANTIS test bed 
with these conditions (0.3 Pa source filling pressure, 
discharge power of 40 kW). Unfortunately this mode of 
operation is quite restrictive, and further optimisation 
requires either a change in the water cooling of either the 
source or the plasma grid, or a Cs flux into the plasma that 
is independent of the source wall temperature. 
 

Temp effect of PG on Idrain, 40 kW H2 discharge, 0.3 Pa, 1.2g Cs injected.
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Figure 1 : Near linear increase in negative ion yield 

with plasma grid temperature, when source walls are at 36 
 
Power dependence of the accelerated negative ion 
current 
 
The source performance required for the ITER source has 
not yet been achieved in the long pulse operation of the 
Kamaboko source, at the equivalent expected discharge 
power. 
 
If the source efficiency expected for the ITER source 
cannot be achieved in long pulse operation, this could be 
compensated for by increasing the power into the source, if 
the accelerated negative ion current increases with the 
discharge power. A linear increase with arc power has been 
observed during short pulse operation, and in long pulse 
operation up to 40 kW discharge power on MANTIS. 
 
The new cooling system on MANTIS has allowed the 
accelerated current/discharge power dependence to be 
investigated during long pulse operation a levels >40 kW. 
A linear dependence is found up to the power levels so far 
investigated, almost 80 kW. This is shown in figure 2 
below. Ical is the negative ion current that gets to the target 
determined by calorimetric methods. 
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Figure 2 : Linear increase in negation ion current density 
observed with inserted arc power 

A current density of 140 A/m2 is determined for an inserted 
arc power of 78 kW, during long pulse operation, this is 
achieved with < 30 % increase in the accelerated current 
with the plasma grid temperature. The results discussed 
above show that if the correct Cs flux into the plasma can 
be achieved at high discharge powers, the extraction and 
acceleration of 200 A/m2 of D-, as required for ITER, is 
feasible. 
 
Cs CONSUMPTION IN KAMABOKO 
 
Previously we have reported a very high consumption rate 
of Caesium during long pulse operation of the source on 
MANTIS, up to 557 times the amount of Cs that is 
calculated to be consumed on the source on ITER. Possible 
reasons for this high consumption rate were proposed: 
Firstly it was noted that during the previous campaign the 
discharge was operated without bias applied between the 
plasma grid and the plasma. (The bias is applied between 
the plasma grid and the anode, the potential of which is 
close to the plasma potential.). 
 
This was done to allow stable conditions of the discharge 
before applying the bias voltage (≈5 V) and extracting and 
accelerating the negative ions. However the bias prevents 
the exit of the Cs+ from the source. As the Cs is ≈ 98 % 
ionized, the operation without bias prior to beam extraction 
and accleration could have been an important loss of Cs 
from the source. The second hypothysis was that during the 
operation of long pulses > 100 s, the temperature of the 
source walls is substantially higher than during short pulses. 
The increase in source wall temperature increases the 
vapour pressure of the Cs on the walls, hence thz flow from 
the walls into the discharge, by up to a factor of 60. 
 
During this campaign the bias voltage was always applied 
as soon as the arc voltage, thus limiting the exit of the 
ionized Cs from the source. During long pulse operation, 
the temperature of the source walls was measured as 80°C 
with a discharge power of 40 kW. Between 80°C and 30°C 
the vapour pressure of CS increases by a factor 60 times. 
This can be seen in figure 3 below.  
 

Cs vapour pressure relative to that at 30 °C

0

50

100

150

200

250

20 30 40 50 60 70 80 90 100

P
va

p
(T

)/
P

va
p

(3
0)

 
 

Figure 3 : Vapour Pressure of Cs increases as a function 
of the temperature 
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The Cs consumption per plasma grid aperture measured 
during this campaign is almost 1500 times that expected for 
the ITER source, an even greater factor than measured in 
the previous campaign. The reason for the difference 
between the two campaigns is unclear, but it could be due 
to the different range of source operating conditions used. 
In this campaign there was more operation at higher 
powers, and the average pulse length was shorter than in the 
previous campaign. However, it is clear that the Cs 
consumption per aperture in the plasma grid in long pulse 
operation is significantly above that assumed for the ITER 
source. 
 
This does not reduce substantially with the application of 
the plasma grid bias. One reason is almost certainly the 
higher wall temperature obtaining during the long pulses, 
which results in a higher vapour pressure of the Cs on the 
walls, and hence a higher flow of Cs into the source plasma. 
Further investigation of the Cs consumption during long 
pulse operation is necessary. 
 
 
CONCLUSION 
 
 
Control of the plasma grid temperature to obtain efficient 
negative ion production is of established interest. It has 
been investigated and reported in the past that increases of 
≤ 40 % are seen in the accelerated current with increased 
plasma grid temperature during long pulse operation. This 
falls short of the required increases of > 100 % needed to 
achieve the ITER source design parameters. However, it 
has been shown during the present campaign that better 
source cooling could change this as increases of > 70 % can 
be achieved if the source walls were adequately cooled.  
 
It is hypothesised that maintaining a lower temperature on 
the source walls could also reduce the consumption of Cs. 
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TW1-TPH-ICRANT 
 
Task Title: ICRF ANTENNA AND VACUUM TRANSMISSION LINE 

DEVELOPMENT 
 Design and manufacturing of a cw ICRF high power test rig and testing 

of next step antenna prototype components 
 
 
INTRODUCTION 
 
 
Although it is generally recognized that the principles of 
current Ion Cyclotron Radio Frequency (ICRF) technology 
are applicable to Next Step devices, a number of key 
components, e.g. matching unit or vacuum window, require 
tests and qualification of presently foreseen design options. 
 
Progress on these antenna and vacuum transmission line 
components issue requires the availability of a high power 
Continuous Wave (CW) ICRF test rig. 
 
The development of such a test rig is necessary to validate 
under fully representative conditions a number of next step 
antenna components. The test rig facility shall be able to set 
up a sufficiently high level of RF voltage (about 60 kV) and 
current (about 2 kA) under vacuum. It must be provided 
with pumping and water cooling, and equipped with all the 
measurements means required. 
 
 
2002 ACTIVITIES 
 
 
The design of the high power CW ICRF test rig was done in 
2001 and already reported. A general design view is given 
in figure 1. 
 
The key idea –in order to carefully delimit the area where 
high RF voltages and currents are generated not to end with 
testing other components that the ones pursued- is to build 
up a T resonator. It consists of: 
 
- a T junction part (see figure 1), connected to the input 

power pressurized feed line through a short vacuum line, 
a Tore Supra type vacuum window, and a 
quaterwavelength stub (for the internal conductors 
cooling). An elbow is provided on one side to reduce the 
space requirements around the test rig. 

 
- Short-circuited transmission line (not represented in 

figure 1) at both end of the T junction, including on one 
side the prototype component to be tested. The lengths 
of these 2 parts have to be such that the whole circuit is 
resonant (very little reflected power in the feed line). 

 
The electrical and mechanical detailed design of the test rig, 
including cooling and pumping, was completed according  
to the agreed requirements in 2001. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 : Design view of the CW ICRF test rig 
 
Manufacturing drawings of the sub-components were 
available: 

- in the end of year 2001 for the T junction part, 
- in June 2002 for the short-circuited transmission lines. 
 
Manufacturing has been under way since then. The main 
industrial sub-contracts are summarized in table 1., along 
with time schedule and comments for the delay 
encountered. Associated equipment for the test rig (in 
particular the cooling network) are ready for assembly. 
 

Table 1 : Main industrial sub-contracts 
for the manufacturing of the test rig 

 
Sub-

component 
Stub and vacuum 

window 
T junction 

Short 
circuited lines 

Manufactu-
ring contract 
Order date 
of placement 

20/11/01 21/11/01 22/07/02 

Initially 
foreseen 
delivery date 

04/02/02 04/02/02 21/12/02 

Actual 
delivery date 

29/07/02 23/01/03 
01/04/03 
(foreseen) 

Comments 

Manufacturing 
difficulties 
encountered during 
the brazing of the 
inner components 
of the structure; 
problems in 
addition during the 
silver coating. 

Manufacturing 
difficulties 
encountered during 
the realisation of 
the elbow (3 
components where 
refused for non 
conformity); 
problems in 
addition during the 
silver coating. 

Delay mainly 
due problems 
in the 
management 
of the 
different sub-
tasks by the 
industrial 
during the 
manufacture.  

Shorted line including 
component  to be tested 
Interface 

Internal conductors  
cooling inlet/outlet 

Input power 
(9” 30 Ohms) 
Feed line)  

Vacuum window 

λ/4 stub 

External conductors 
cooling circuits  
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Two of the three component packages have now been 
delivered. Pictures of them are given in figure 2. The last 
package is foreseen to be delivered in year 2003. 
 

 
 

 
 

Figure 2 : Picture of the sub-components delivered: body 
of the resonator (up) & stub and vacuum window (down) 

 
 
CONCLUSIONS 
 
 
The missing component package of the high power CW 
ICRF test rig should be delivered in the beginning of year 
2003. After the commissioning of the test rig (sensors, 
controls, data acquisition), RF power tests on short pulses 
shall be performed to check the baseline configuration of 
the test rig. Once this configuration qualified, the final long 
duration tests will be performed. 
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CEFDA01-647 
 
Task Title: SUPPORT TO REMOTE PARTICIPATION IN EFDA 
 RP technical infrastructure assistant 
 
 
INTRODUCTION 
 
 
European Fusion is strategically held together by the 
Euratom Treaty of 1957, which created the “European 
Fusion Associations”. These currently number 
approximately 28 Associations in 35 laboratories, including 
CEA-DRFC. Physicists within this programme have 
traditionally high mobility and many inter-Association links 
exist. However pre-1998 most contact was maintained by 
personal visit. This was limited by both local politics and 
technology restrictions. In 1999 the Joint European Torus 
legal status was re-organised around the new European 
Fusion Development Agreement (EFDA), whereby the JET 
machine was operated by the UKAEA as a facility and 
physicists from the Associations developed the scientific 
programme. Coupled with this new structure, EFDA-JET 
released contracts for the technical infrastructure for 
“Remote Participation” (RP), for which the CEA was one 
of the primary interlocutors. 
 
This structure was very successful, and hence an effort was 
made to enlarge the work to the wider base, to include the 
many inter-Association collaborations, and to take into 
account the future needs of the ITER machine 
(International Thermonuclear Experimental Reactor, for 
which Cadarache is one of the proposed sites). The present 
EFDA-Technology Contract for two Coordinators was 
hence conceived. 
 
STATED CONTRACT TASK OBJECTIVES 
 
This task is part of a coordinated approach to widen the 
scope of the Remote Participation Infrastructure activities 
for the Scientific Exploitation of the JET Facilities to cover 
the other programmatic activities of EFDA: 
 
- Design and Implementation of JET-EP. 
- ITER Home Team. 
- Other experiment-based or other scientific collaboration 

between Associations. 
 
The overall aim is to broaden the scope of the Remote 
Participation activity from prototype installation to 
production system. Priority will initially be given to the 
JET-related RP activities: The scientific exploitation of JET 
under EFDA is at the same time the largest test bed and the 
largest real application of RP technology for the foreseeable 
future. 
 
The RP Infrastructure measures are being organised as a 
single, co-ordinated activity, implemented through the 
EFDA Technology Work-programme. The co-ordination of 
the activities will be provided by Remote Participation Co-
ordinators and supervised by a Remote Participation Users 
Group that defines the measures to be implemented and 

assigns priorities. This Task comprises all activities that are 
expected to be implemented by Dec 2002 The 
implementation of this Task will involve close interaction 
with the RP Users Group and the RP Technical Contact 
Persons in the Associations. 
 
The implementation of this task involves a collaboration 
between the EU Fusion associations, in particular 
ENEA/CNR-Padua and CEA-DRFC. 
 
ORGANISATION 
 
The aim of the RP project is for Fusion staff to be able to 
work and collaborate irrespective of their physical location. 
Although the technical needs of Fusion are relatively 
modest; we have to cover a very broad spectrum of needs. 
It should be noted that other non-fusion laboratories did not 
have as much experience as we expected and no ready-to-
use solutions to all requirements existed. 
 
The subject has been organised around five pole subjects: 
 
- Remote Data Access. 
- Remote Computer Acces. 
- Telecommunications. 
- Network Connectivity. 
- Support and Documentation. 
 
These were handled by four working methods: 
 
- Feasibility Studies. 
- Specifications. 
- Purchase and Commissioning. 
- Organisation of Support. 
 
A comprehensive Data Base of “desires” was established 
and lines of communication developed to all participating 
laboratories. The wishes of the “User” have been the 
paramount driving force of this programme, and a high-
level “Users Group” was formed. Each Association has also 
nominated an “RP Technical Contact Person” to channel 
requests and information in both directions. 
 
 
2000-2001 ACTIVITIES 
 
 
The RP project is well established, so the work in 2000-
2001 has focussed on two aims. Firstly the existing work 
has to be supported and continued. There are approximately 
300 physicists around Europe who rely on daily 
communications with the JET programme. Secondly the 
project has started to expand to other non-JET Fusion topics 
– Inter-Association links, the needs of ITER, and the 
contracts and collaborations with industry and other outside 
organisations. 
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TECHNICAL ACHIEVEMENTS SUMMARY 
 
1. Remote Data Access: Data from many fusion machines 

world-wide are now available on-line. In the effort to 
standardise on data access methods the CEA-DRFC has 
also installed a data “sandwich layer” to make Tore-
Supra data available within the common plot libraries of 
Fusion. Work to simplify the user interfaces, and in 
particular to extend to the long-pulse needs of Tore 
Supra and ITER are currently being considered. 

 
2. Remote Computer Access: All the laboratories of the 

Fusion Community have techniques to allow remote 
computer log-on to their computers. One significant step 
that has been organised by the Coordinators in 2001 was 
a meeting of the computer security representatives of all 
the Associations (including the CEA). Discussion 
included the relative security methods:- Inter-
Association network depends relies heavily on the 
security methods at each site and is rendered extremely 
complex by the different approaches used. 

 
3. Telecommunications: The JET programme has adopted 

mainly open-source telecommunications techniques – 
Videoconferencing using VRVS-Mbone, Screen-
Sharing using VNC and text chat with Yahoo-
Messenger, and Conference telephones for interactive 
meetings. In 2001 we have started looking in detail at 
the inter-operability with other teleconferencing 
methods (H.323 and ISDN), and the extension of the 
teleconferencing tools to engineering use. 

 
4. Network Connectivity: The Association Networks rely 

on good interconnectivity and rapid fault and bottleneck 
tracing. This has continued routinely during 2001-2002 
but is not yet sufficiently well developed. Further 
investigation in coming years will include automatic 
monitoring, transparent shared file areas and the uses of 
Virtual Private networks (VPNs). 

 
5. Support and Documentation: The Coordinators have 

remained in contact with the “Contact Persons” and 
“Support Teams” in all the EFDA Laboratories, and 
have ensured a constant flow of information. All central 
documentation has been placed on the JET “Users Web 
Site” accessible to all European fusion members. 

 
 
CONCLUSIONS AND FUTURE 
 
 
The present contract was for 15months, starting in Dec 
2001, and consequently will terminate in March 2003. The 
final report is consequently in preparation. In addition, the 
Coordinators have formulated the work programme for the 
period 2003/2004 for presentation and discussion by the 
EFDA-technology and EFDA-JET Leaders. EFDA has 
indicated that it would like to continue the work of 
technical coordination in the European Fusion Programme, 
and a call for “expression of interest” will shortly be sent to 
all the Association laboratories. 
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RPTC 0120 Task Report M1/M3 “Remote Participation 
Technical Infrastructure for the European Fusion 
Programme” “Workplan 2002-2003” V. Schmidt, J. How. 
 
RPTC 0123 Task Milestone Report M2 : “Progress Report 
by the Coordinators for the Remote Participation 
Infrastructure for EFDA July 2002: J. How, V. Schmidt. 
 
RPTC 0121 “Report on EFDA Remote Participation 
Working Group on Standards for Teleconferencing” May 
2002. 
 
RPTC 0134 “Executive Summary of EFDA Meeting on 
Computer Security” Garching, Germany Dec 2002 K. 
Thomsen. 
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TW1-TP/RPINF 
 
Task Title: DEVELOPMENT OF REMOTE PARTICIPATION 

INFRASTRUCTURE 
 Local support to remote participation in the CEA-DRFC 
 
 
INTRODUCTION 
 
 
The purpose of this task is the development of the “Remote 
Participation” (RP) infrastructure in the Associations. In 
particular, this task deals about the development of user 
support at CEA-DRFC, including Remote Data Access 
(RDA), Remote Computer Access (RCA) and local 
teleconferencing. 
 
 
2002 ACTIVITIES 
 
 
2002 has been the year of security and heavy investments 
have been made to be in conformity with CEA’s security 
rules, still keeping the Remote Participation active and 
compatible with other Associations. Once field experience 
on various RP scenarios is satisfied, permanent installations 
are built, which is the key to get stable and reliable results. 
 
CONFERENCE ROOM (SALLE R. GRAVIER) 
 
This conference room can host 150 participants and is used 
to broadcast or receive conferences. 
 
Equipment and functionalities installed 
 
Computers: 
 
Three 1 GHz 256 Mb PCs/ Win2000 are installed , the third 
one is a dual boot Win2000/Linux Mandrake. The lecturer’s 
station is installed on a rolling installation to fit individual 
preferences, it is the VNC server (or client) for the 
presentation slides. The VRVS unit is used to transmit 
VRVS audio/video. The third, as spare unit and text-
message “chat” between conference operators, is also used 
to monitor video-conferences, and for various tests and 
developments under Linux. All three are totally compatible 
and interchangeable with minimum intervention. 
 
Video: 
 
Two video cameras are installed, one showing the lecturer 
and the other the screen. One powerful and silent video 
projector is now mounted permanently on the ceiling and is 
fed both with computer SVGA and composite VRVS video. 
It is then possible to enclose a small picture of received 
VRVS video on main screen. 
 
Audio: 
 
The conference room is equipped with 6 spherical 
loudspeakers and an industrial amplifier. 

An eight channels stereo mixer is installed in order to allow 
a  complete interchangeability between the three computers. 
 
Each right and left stereo channel is used separately and 
differently  to manage in a first hand sound from the 
internal sources (microphones, videotape, test music) to the 
input of computers and amplifiers , and in a second hand 
sound from the computers to the amplifiers of the theatre , 
saving the cost of a heavier professional installation. Two 
wireless double channels microphones systems with a total 
of 2 lapel microphones and 4 handheld ones are installed, 
allowing the simultaneous use of four microphones. 
 
Great care and study have been taken to protect the 
installation from all kind of background noises, 
environmental and especially electrical, hum and buzzes via 
-among other things- a very strong grounding system, 
external power supplies , isolation transformers etc… . 
Video and audio are also sent to our “espace part
on next floor for future needs. 
 
Telephone backup and conference services: 
 
A polycom SoundStation with two extra microphones is 
permanently installed allowing also audio conferences with 
approx 15 people. We subscribe to a “Telephone 
conference service” easy to use  and equivalent to the 
Genesys system at JET. 
 
Compatibility with H.323 standard: 
 
This is planned for 2003, the benefit will be double :  both 
to be compatible with some other sites (notably IPP and the 
European Commission) and to be also compatible with 
other services of CEA. 
 
SIPP MEETING ROOM 
 
The SIPP meeting room is mainly designed to be used by 
default as a telephone conference room associated with 
SmartBoard/VNC screen sharing, for interactive technical 
discussions for the Drawing Office , or for meetings. It can 
host 12 people maximum and is for immediate and 
spontaneous use. It can also be easily used for VRVS 
audio/video conferences, although this is not its main goal. 
It is proving very successful, and the DRFC plans to 
demonstrate its use to other sites. 
 
Equipment and functionalities: 
 
- A single 2.4 GHz computer used as screen sharing 

server under Win2000. 
 
- A Smart-Board 1,5 x 1 m used to draw, annotate discuss 

the photographs, figures,  parts or drawings shown. 



 - 18 - EFDA technology / Physics Integration / Remote Participation 
 

- A table webcam, mainly installed to take snapshots of 
mechanical parts put on a table, which will be showed 
via screen sharing, this webcam can also be used for 
classical VRVS conferences. 

 
- A Polycom SoundStation with 2 extra microphones 

associated with a “video interconnect” box for 
telephone or computer-IP audio transmission, complete 
with anti-echo sound suppression. 

 
- A (very!) silent roof-mounted video-projector. 
 
- Facilities to connect external laptops. 
 
REMOTE DATA ACCESS: 
 
The DRFC has recognised the growing trend for access to 
machine data via the MDSplus universal system, and all our 
Unix servers are now equipped with MdsPlus clients. 
Windows clients are installed on request. This facility is 
mainly used to access JET data, but potentially we can now 
access many of the worlds fusion machine archives. 
 
For Tore-Supra we have installed and programmed an 
MDSPlus server via the computer host “merope.cad.cea.fr”. 
At present MDSplus access to Tore-Supra data is at the 
primitive level of returning a signal on a specific request. 
MDSplus data access has been investigated via Matlab, 
Scilab and Fortran. A MDS beginner’s guide has been 
written, with step by step examples. 
 
Enhancements and further features will be guided both by 
the explicit needs of users and by the available resources in 
this time consuming area of work. 
 
REMOTE COMPUTER ACCESS 
 
Our previous Citrix server (“Zephyr”) has been replaced by 
a new Citrix ICA server “Joran”. 
 
It gives full interactive access to our Unix installation, our 
private intranets, the local mail and the shared windows 
areas, giving a as “on site” way of working. 
 
It provides also an easy and secure way to transfer files, 
with an antivirus check on the fly. 
 
As the JET system of secure-ID cards do not conform to 
CEA regulations, strict selection of users, client IP address 
filtering and ICA protocol encryption are used. 
 
TELNET AND FTP 
 
Classical remote-login and file-transfer has also recently 
been scrutinised and security improved, such that allowed 
clients (IP filtered) can only connect through the firewall 
via a one-time password. 
 
X11 protocol is not allowed, limiting the use of telnet. 
 
SSH will be used middle 2003 in conformity with CEA 
rules. 

SCREEN SHARING 
 
The DRFC has installed, for the RP project, a solid screen 
sharing facility that is both secure and capable of handling 
many clients. The VNC screen share protocol is 
implemented via our unix server “Rigel”, used to guarantee 
that connections are purely passive (no remote control) and 
allowing many clients to connect to a single target host. 
 
Work has been done especially to ease administration for 
reliability, and add functionalities. However at present the 
management of channels is still via a command line 
interface, although we hope to upgrade this to a “self-serve” 
web interface in the future. 
 
Three permanent screen share relay channels are kept in 
operation, and can therefore be controlled from the source 
work stations: 
 
- The “Salle Gravier” conference room.  
- The “SIPP meeting room”(self service channel which 

can be initiated from both sides).  
- The JET “HOW” seminar room.  
 
In addition, various other VNC channels are now available 
for screen broadcast. Everything is now ready for real-time 
display of the screens of the Tore-Supra Control Room, and 
we are consulting  physicists to satisfy their needs on this 
subject. 
 
Feasibility Studies 
 
- Sound Broadcast Streaming: Sound broadcast using 

MP3, combined with the Multicast IP protocol has 
given excellent quality results, with a low bandwidth 
independent of the number of listening participants. 
This project is nearing completion and the utility will 
shortly be made available to our European partners. 

 
- Screen Broadcast Streaming: This could be coupled 

with an efficient screen multicast using VNC if 
required, and if manpower can be allocated. The 
ultimate aim would be to equip all meeting-rooms with 
a “switch-on-the-wall” which turns on band-width-
efficient sound and screen broadcast. 

 
- Conference Recording: Initial studies have shown that 

a conference-recorder can be easily implemented with 
data rates of 1Mbyte/min. Re-broadcast streaming via 
an internet explorer could be possible. This subject is of 
interest to the CEA-“Direction des Technologies de 
l’Information” both for training courses and for seminar 
and conference use. The DRFC will collaborate with 
this effort at a level depending of available resources). 

 
- Remote Control Room: The DRFC had one of the first 

pilot “Remote Participation Areas” in Europe for our 
JET Collaboration. This experience is now being used 
to allow external physicists to participate in real time to 
Tore Supra at the DRFC, with the help of a local 
physicist. The real field-experience is very important 
and is now almost sufficient to design a permanent 
installation. 
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CONCLUSIONS 
 
 
Work performed in the frame of this task has enabled 
considerable progress and expertise in the areas relevant to 
the remote participation as remote data access, remote 
computer access and local teleconferencing. These 
techniques and expertise are fully relevant for the future 
operation of ITER. 
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CEFDA01-624 
 
Task Title: DIAGNOSTICS ENHANCEMENT - IR VIEWING PROJECT 

MANAGEMENT AND IMPLEMENTATION 
 
 
INTRODUCTION 
 
 
In the framework of the JET-EP Project, the development 
of a new infrared diagnostic contract was awarded to the 
DRFC. This diagnostic is aimed at measuring the surface 
temperature during normal operation and off normal events 
(disruption, ELMs, alpha particles heating). 
 
The endoscope should allow to view a large section of the 
JET in-vessel components (such as divertor, main chamber, 
IRCH antenna etc). The data processing system is designed 
to protect the machine in real time and allow for power 
deposition analysis. 
 
 
2002 ACTIVITIES 
 
 
The scope of the work for 2002 was: 
 
- to define the system (see figure 1) and the accessible 

performances in term of field of view, space resolution, 
temperature resolution and dynamic range etc, 

 
- to establish the project task description and define the 

resource allocation. 
 
In addition to the Project Monitoring (interfacing with the 
CSU JET and the Operator), the main part of the work was 
first devoted to the optical studies and to the configuration  

control with the JET operator Drawing Office (DO) then to 
the mechanical design of the endoscope structure and to the 
local implementation with the DRFC drawing office. 
 
OPTICAL STUDIES 
 
Two optical studies have been conducted in parallel, the 
first one using lenses and standard Infrared materials was 
developed by ENEA Frascati, and the second one using 
reflective optics was produced by CEA (see figure 2). The 
use of mirrors, allows to have a transmission window in the 
visible range which could provide a back-up system for the 
existing wide angle visible view which is routinely used 
during operation. 
 
This second optical design is also ITER relevant due to the 
better neutron shielding. The optical study has 
demonstrated the diagnostic feasibility by using mainly 
mirrors. Both designs have been presented at the review 
meeting in October and the ITER relevant solution was 
retained.  
 
CALL FOR TENDER 
 
Due to a conflict with an other diagnostic enhancement, a 
new routing for the optical path was requested by the 
Operator which induced an additional period for the 
mechanical design and required a second phase for the 
optical study. Nevertheless the conceptual design (optics 
and mechanic) was consistent enough to define the 
endoscope technical specifications of and to produce the 
Call for tender package on time. 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 : IR and visible endoscope layout 
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Figure 2 : Mirrors optic layout and ray tracing of the main points of interest 
 

 
Figure 3 : Aspheric Mirror and large Silicon-Germanium lenses to be used in the ITER relevant endoscope 
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CONCLUSIONS 
 
 
A new infrared thermography diagnostic has been proposed 
by the DRFC and will be install at JET in the framework of 
the JET-EP project. The optical design has been achieved 
and has demonstrated the feasibility of a wide angle 
infrared endoscope using either lenses or mirrors. The ITER 
relevant design using mirrors has been chosen. The call for 
tender specifications have been produced within the time 
plan. 
 
 
REPORTS AND PUBLICATIONS 
 
 
- Appel offre des calculs optiques - CFP/CHH-2002.008 - 

E. Gauthier. 
 
- Specification for optic studies - CFP/CHH-2002.009 - 

E. Gauthier. 
 
- Project Summary - EP-DIA-IRV-S-001-0 - E. Gauthier. 
 
- Optic Design with Mirrors - Draft Report (28/11/2002) - 

G. Maddaluno. 
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UT-PE-HFW 
 
Task Title:  TRANSPARENT POLYCRISTALLINE WINDOWS 
 
 
INTRODUCTION 
 
 
The work in 2002 addresses essentially two items: 
 
- The purpose of the first work carried out in the 

laboratory was to obtain a transparent polycrystalline 
yttrium oxide ceramic with high density. Due to its 
refractory property, the densification of this material is 
not easy. It explains the necessity of the doping of the 
starting powder with TiO2. After studying the 
elaboration conditions, optical and thermo mechanical 
characterizations of the doping oxides have been made. 

 
- The purpose of the second work carried out in the 

laboratory was to study Zirconia potential for optical 
applications. The transparency of polycrystalline 
zirconia is obtained only with the cubic form. Different 
dopants were used to stabilise this phase. The most 
efficient ones are rare earths oxides (Y2O3, CeO2) and 
the cheapest ones are CaO and MgO. 

 
First we studied the elaboration conditions to obtain a 
transparent material with some commercial powder. 
 
Several thermal treatment have been tested to determine 
some good conditions for the densification of zirconia. 
 
Then we have evaluated the influence of the dopant type on 
the material performances. ZrO2 doped with Y2O3, the 
reference material, was compared to ZrO2 doped with CaO 
in order to study the effect of the dopant on the 
densification process and on the optical performances. 
 
 
2002 ACTIVITIES 
 
 
SUMMARY OF RESULTS ON Y2O3 
 
Y2O3 is a refractory material. Addition of TiO2 facilitates its 
densification. The ability to densify Y2O3 at lower 
temperature allows reducing structural defects. At high 
sintering temperature some significant grain growth is 
observed along with intra granular porosity. Those defects 
significantly decrease the optical transmission of the 
material. To obtain transparent polycrystalline Y2O3 

requires reducing the sintering temperature, which is 
possible with addition of TiO2. 
 
Experimental results show the influence of the respective 
sintering parameters on the densification of the material: 
 
- Increasing the dwell time results in a significant 

decrease of material porosity but tends to enhance 
heterogeneous grain growth. 

- Decreasing the heating rate results in a little density 
increase. 

 
The optical quality of the polycrystalline transparent 
material essentially depends on the sintering and HIP 
cycles. 
 
Parametric studies showed: 
 
- For a given sintering temperature, increasing the 

sintering time improves the optical transmission of Y2O3 
in the U.V/visible range. For the sintering conditions 
used, the optimal sintering time was found to be 10 
hours. 

 
- Varying the heating rate has different effects on optical 

transmission depending on the wavelength. The 
influence of this parameter is larger in the U.V range 
where a high heating rate is preferred. In the visible 
range, this tendency is decreased or reversed. In the I.R 
range, optical transmission is not sensitive to heating 
rate variations. 

 
- Decreasing HIP pressure significantly increases optical 

transmission of Y2O3 in the U.V/visible range. 
 
- Increasing HIP temperature has a detrimental effect. 

Optical transmission losses of ~ 6 % could be measured 
for ∆T ~ 50°C, both in the U.V/visible range and the I.R 
range. 

 
The mechanical characterizations show that Y2O3 is not as 
performing for structural application than magnesium 
spinel (MgAl2O4) in particular due to its lower bending 
strength. 
 
Thermal shock tests show that the material is damaged. 
Cracks could be reduced by polishing the edge of the disks 
to reduce structural defects on the outer surface. Cracks are 
decreasing the optical transmission. Additional shock has 
negligible effect on transmission properties. Samples have 
been delivered to DRFC in order to perform specific test 
like post irradiation characterization to complete data 
available on this material and help to evaluate its potential 
for application in Fusion reactor [1]. 
 
EVALUATION OF POLYCRISTALLINE ZrO2 AS AN 
OPTICAL MATERIAL 
 
ZrO2 doped with Y2O3 
 
Raw material : 
 
ZrO2 containing 8 mol% of Y2O3 (reference TZ8Y) 
purchased from TOSOH was used. For this composition, a 
thermal treatment > 1000°C allows to fully stabilising the 
cubic form. 
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The specific area is 13.4 m2/g that leads to a rough size of 
crystallites < 0.1 µm for an evaluated theoretical density of 
5.93 g/cm3. 
 
Pre-sintering heat treatment 
 
A moderate heat treatment is applied before the sintering to 
eliminate internal stresses created during shaping steps and 
to eliminate slowly adsorbed water on powder surface 
grains. Pre-sintering heat treatment is also used to give to 
the material a sufficient mechanical behaviour for 
machining (bar rectification and/or pellets cutting). 
 
Two cycles of pre-sintering heat treatment have been 
tested: 
 
a/ ö 60°C/h - 1200°C  2 h - ø 60°C/h 
b/ ö 60°C/h - 1000°C  2 h - ø 60°C/h 
 
Sintering 
 
To realize transparent polycrystalline material, porosity 
must be closed after the sintering stage, so that material 
becomes gastight. Thus gas pressure of the post HIP could 
be applied efficiently on material. For each sintering 
atmosphere (air or vacuum) we tried to determine the lower 
temperature and the dwell time minimum that allow closing 
the porosity. 
 
Sintering under air 
 
Thermal treatments under air have been made in the same 
oven. Four temperatures have been studied: 1250, 1300, 
1325 and 1350°C. Dwell time was varied from 0.5 to 
5 hours. 
 
The open porosity of sample was measured after thermal 
treatments. Results are presented with the minimum dwell 
time to close porosity for a given temperature. 
 

Temperature (°C) 
Minimum dwell time 

for Po = 0 % (h) 

1350 0.5 hour 

1325 1 hour 

1300 2 hours 

1250 > 3 hours 

 
The aim is to determine the lower temperature to obtain a 
gas tight material for a dwell time less than 3 hours. So the 
parameters of the reference sintering treatment are: 
 

öö 300°C/h - 1300°C  2 h - øø 300°C/h 
 
Sintering under vacuum 
 
Thermal treatments under vacuum have been made in an 
UC2000 oven. Three temperatures have been studied: 1200, 
1250 and 1300°C. Dwell time was varied from 1 to 3 hours. 

 

Temperature (°C) 
Minimum dwell time 

for Po = 0 % (h) 

1300 1 hour 

1250 2 hours 

1200 > 3 hours 

 
Results show that densification of zirconia is accelerated 
under vacuum. The optimal sintering cycle under vacuum 
is: 

öö 300°C/h - 1250°C  2 h - øø 300°C/h 
 
Post densification by HIP 
 
The HIP post densification treatment on a tight material is 
essential to obtain transmission in the UV-Vis domain. All 
the samples without open porosity have been post treated 
by HIP with these parameters: 
 

1800°C – 180 MPa – 2 hours under argon 
 
The post densification treatment has been optimised in 
previous works. 
 
Microstructure 
 
Pellets sintered under air or vacuum have no significant 
differences of microstructure. For a dwell time of 1 hour, 
grains are small and have a mean diameter < 1 µm and 
porosity in inter granular position. Grains have still 
spherical shapes. 
 
Increasing dwell time induces an increase of the grain size 
with tendency to heterogeneous growth (appearance of 
grains with diameter equal to 3 µm for a mean diameter ≈ 
1 µm). After 4 hours at 1300°C, porosity is still inter 
granular. 
 
After a HIP treatment at 1800°C, microstructure has 
strongly evolved. Grains are polyhedral and have a mean 
diameter of ≈ 50 µm (growth by a factor 10). There is no 
porosity and grain boundaries are almost rectilinear. 
 
Transmission values 
 
The best transmission is reached by pre sintering at 1200°C, 
regardless of the atmosphere used for the subsequent 
sintering. 
 
ZrO2 doping with CaO 
 
Raw material : 
 
ZrO2 containing 5 wt% of CaO (reference Z1064) 
purchased from CERAC was used. The powder is 
composed to more than 99 % by the cubic phase. Grain size 
given by CERAC is 17.23 µm. A grinding study was made 
to decrease grain size 
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Sintering study 
 
Samples were sintered between 1350 and 1600°C during 
two hours and then density was measured. Results show 
that open porosity decreases when temperature increases. 
But open porosity is still superior at 0.1 %. Although this 
value is low, the porosity is too big to obtain transparent 
materials. 
 
Samples were sintered at 1500°C with a dwell time varying 
between 2 and 4 hours. 
 
Results of density measurements show that it was not 
possible to close completely the porosity. 
 
MEB observations of a polished sample sintered at 1550°C 
during 2 hours show a heterogeneous microstructure and a 
porosity of ≈ 15 %. 
 
 
CONCLUSION 
 
 
1. Yttrium oxide single crystal displays a very large optical 

transmission range from 0.25 to 9.5 µm. 
 
 The optical quality of yttrium oxide designates it as one 

of the most appropriate material for the realization of 
diagnostic windows. But the mechanical 
characterizations show that polycrystalline Y2O3 is not 
as performing for structural application than magnesium 
spinel (MgAl2O4) in particular due to its lower bending 
strength. 

 
2. The purpose of the second work carried out in the 

laboratory was to study zirconia for optical application. 
The transparency of a polycrystalline material is 
obtained only with the cubic zirconia. Different dopants 
are used to stabilise this phase. 
 
- In a first part we have studied the elaboration 

conditions to obtain transparent material with 
commercial powder of ZrO2 doped with Y2O3. 
Natural sintering (under air or vacuum) closes 
porosity and post HIP is the most efficient way to 
obtain transparent zirconia in the range 0.4 – 7 µm. 
Sintering parameters have to be optimised to 
increase transmission of the material. 

 
- In a second part we have studied the elaboration 

conditions to obtain transparent material with 
commercial powder of doping ZrO2 doped with 
CaO. Our sintering study of ZrO2 doped with CaO 
did not reach its aim that is densification of the 
material so out of this work it’s not suitable to use 
this powder to elaborate transparent materials. 

 
3. If we compare transmission value of ZrO2 with those 

obtained for MgAl2O4 and Y2O3 (both studied 
previously in our laboratory), we notice that ZrO2 have 
a slightly better IR transmission at 6 µm than MgAl2O4 
but definitely lower than Y2O3.  
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