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Background
Electron cyclotron resonance heating and current drive (ECH and ECCD) is a major candidate as an addi-
tional heating and current drive method in ITER. In the design work of an ECH/ECCD system, 50 MW injec-
tion at 170 GHz was proposed. As a power source of the ECH/ECCD system, a gyrotron of 170 GHz/1
MW/CW was demanded, and its development was selected as an R&D item of ITER EDA. In the develop-
ment of a high power gyrotron, an output window made of ceramic has been regarded as the most serious
and annoying problem. A ceramic window capable of 1 MW/CW RF power transmission at continuous wave
(CW) is indispensable, not only for the gyrotron but also for tritium shielding near the ITER vacuum vessel.
However, as the RF frequency increases, the absorption coefficient of the window materials due to dielectric
loss (the so called loss tangent, tan d) becomes significant. Conventional materials such as sapphire cannot
withstand a 1 MW/CW operation at 170 GHz. Therefore, the development of a window capable of such opeF
ation was also selected as an R&D item of ITER EDA, in parallel with the gyrotron development. Up to now,
several window materials and concepts (cryogenic sapphire window, distributed window, boron nitride window,
silicon nitride window and synthetic diamond) have been proposed and tested.

In the JAERI gyrotron, sapphire and silicon nitride were
used as a window material until 1996. An output power of
0.5 MW was obtained, but the window temperature exceed-
ed 100o C after 0.8 s because of the large dielectric loss
due to the window material. It was concluded experimentat-
ly that long pulse operation is only possible below 170 GHz;
therefore, an innovative window was desired.

Synthetic Diamond
Owing to recent progress in plasma processing technology
the production of large diameter polycrystalline diamond
disks is now possible. The most successful method of pro-
duction is a chemical vapor deposition of carbon plasma
produced by a microwave from gaseous hydrocarbons,
such as methane or acetylene, in a hydrogen-rich atmos-
phere. The diamond layer grows on the heated substrate,
it is well known that the diamond has an extremely high
thermal conductivity and a low value of tan d. The diamond
is the hardest material, and it is chemically inert to all acids.
If the diamond disk is used for high power millimeter wave
windows, ideal windows, i.e. with low loss and a simple con-
figuration, will be realized.

To develop a diamond window, JAERI, the
Forschungzentrum Karlsruhe(FZK), and DeBeers have
cooperated. The main challenge in the creation of the high
power millimeter wave windows has been manufacturing
diamond disks with diameters of about 100 mm, thickness-
es of ~2 mm and low dielectric loss. It was also necessary
to manufacture a flange assembly for vacuum and tritium
shielding and for water cooling.

Fig. 1 shows the photographs of the several steps of devel-
opment towards a diamond window assembly. Fig. 1 (a)
shows a diamond disk. Its diameter is 96 mm, the thickness
is 2.23 mm, which corresponds to three wavelengths in the
material at 170 GHz. The surfaces are polished with a
roughness of 250-280 nm. In an RF power transmission
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conductivity of -1800 W/mK were confirmed. The thermal conduct-ivity is four times higher than that of cop-
per. Utilizing this high thermal conductivity, a diamond window assembly with edge cooling by water was
designed as shown in Fig. 2 (a). The disk periphery is left for water cooling. Fig. 2 (b) shows a convention-
al double disk window, where the coolant (fluorocarbon) flows between the disks for face cooling since the
thermal conductivity of the conventional material is poor. This window permits only a 0.2 MW level of power
transmission in CW operation.

RF

(a) Single Disk Diamond Window with edge
cooling by water (>1 MW)

(b) Conventional Double Disk Window (Si3N4,
Sapphire), surface cooling (>0.2 MW)

Fig.2: Conceptional view of window.

In the next step, Inconel cylinders are bonded on both sides as shown in Fig. 1 (b). The aperture of the cylin-
ders is 83 mm. Molybdenum rings are put on in order to compensate for the difference of thermal expansion
between diamond and cylinder at the bonding and baking phases. Fig. 1(c) is an assembled diamond win-
dow with water cooling housing. Fig. 3 shows the cross section of the assembled diamond window The cool-
ing water flows at the periphery of the disk, realizing effective cooling. A heat transfer coefficient of
20 kW/(m2K) was confirmed at a flow rate of 19 liter/min in the RF power penetration experiment.

Installation of the diamond window on the 170 GHz gyrotron
The diamond window assembly was installed on a 170 GHz gyrotron. in the fabrication process of the gyro-
tron, high temperature baking is necessary for the purpose of degassing. Before installation, baking was opti-
mized while using another brazed diamond. It was confirmed that a baking temperature of 450o C is accept-
able. In a large baking oven, gyrotron baking was carried out at a temperature of 450o C, for two days flat
top, with two days heating up and four days cooling down. As a result, a good vacuum was obtained (less
than 1x10-8 Pa). The window receives a maximum bending stress of 40 MPa from the atmospheric pres-
sure. However, this value is much lower than the limitation value of the diamond disk, which is higher than
400 MPa. In Fig. 3, the diamond window gyrotron is shown. In the gyrotron operation, the output power is
measured calorimetrically by the temperature increase of the cooling water of the RF dummy load. The flow
rate of the window cooling water is 20 liter/min.

In Fig. 4, the time dependence of the central temperature of the window (closed circle) is shown. The tem-
perature is measured by an infrared camera with a detecting wavelength of 3-5.4 mm. The output power is
520 kW. The dashed line is a simulation result with tan d -1.3x10-4, a thermal conductivity of 1800 W/mK at
room temperature. These values show a good agreement. This also indicates that the diamond loss tangent
did not change through high temperature baking. Since the loss tangent of the used diamond is relatively
high, tan d~1.3x10-4, the window temperature was stabilized at 150o C. However, no trouble such as an
arcing was found on the gyrotron. As the quality of the diamond is being improved, we have already fabri-
cated a second window with tan d~2x10-5. If this window is used, the temperature increase is less than 50 o
C with 1 MW, CW, as shown in Fig. 4. This suggests that a window of multi-megawatt transmission is very
well possible. Up to now, the maximum output energy has been 3.6 MJ (0.45 MW, 8 s).



The total number of operations greater than 1 s
was -1300. The total penetration energy was ~1.8
GJ. After the experiment, the diamond window
was inspected, but no damage was found. It is
concluded that the synthetic diamond window is
reliable and constitutes the solution to the window
problem that had been the most serious problem
in ECH technology.

Cost considerations
The cost of the diamond disk assembly is now
roughly three times higher than that of a conven-
tional double disk window system, capable of a
power transmission of less than 0.2 MW. So, it
might be concluded that, even at present, the cost
effectiveness of the diamond disk in the ITER 170
GHz ECH system is acceptable. However, it
should be noted that this diamond window devel-
oped for the ITER system constitutes the first
application of the high quality, large sized diamond
disk. Other applications of such disks are very
likely. Since the synthetic diamond is an industrial
product and not a jewel, its price will surely go
down with an increase of its applications.
Furthermore, since the power limitation due to the
window has decreased, gyrotron power increase
becomes possible. Then, the total number of gyro-
trons in the ECH system could be reduced, which
will contribute to a cost reduction of the system.

Fig.3: 170 GHz gyrotron with diamond window
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Fig.4: Time dependence of window temperature (Closed circles are experimental data
at 0.5 MW power transmission. Dashed and solid lines are simulation results)
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