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Abstract

Silicon nitride composite as a candidate of a window material for high power CW (Continuous
Wave) millimeter-waves was high power tested especially with a surface cooling by impinging gas
nitrogen jets on the single-disk surface. Gas-cooling dramatically suppressed the temperature of the
window disk even with gas flow rate of around 100 Imin. With gas cooling of 465)/min., 130kW
CW power of HE11 mode could be transmitted through the silicon nitride window with a diameter of
88.9mm. The peak window temperature was completely saturated on 123.6 °C. Without gas-cooling
it did not saturate and reached 323 °C during 30 seconds pulse. A possibility of IMW CW single
disk Brewster windows with a forced gas-cooling is discussed, resulting in convinced prospects of

the windows with realistic size and thickness.
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1. Introduction

A vacuum barrier window is onc¢ of the most critical component to realize high power CW
{Continuous Wave) gyrotronsl). Many efforts to accomplish 1 MW CW windows have been made
all over the world. The key of the high power window design is how to keep the thermal and
mechanical stresses in the dielectric disk small by reducing and removing the deposited heat as
effectively as possible.

The concept of the windows could be divided into two groups, such as multiple-disk windows
with a surface (or substantial) cooling and single-disk ones with a circumference cooling. The
surface-cooling can reduce the thermal stresses in the window. With an FC-75(3M), which is a low
microwave absorbing liquid, it was demonstrated that a surface-cooled double-disk sapphire window
had a performance of CW operation up to 400 kW. At the power level of 400kW, the disk
temperature rise reached around the boiling limit of the cooling quuid2=3). A distributed window is
another concept of the substantial cooling. A 1 MW equivalent power could be transmitted through
the window#:3). However, the fabrication of the larger size one with real 1 MW capability has not
been succeeded.

Single-disk windows have a merit of simple structures which assure higher reliability than
complicated multiple-disk designs. The peak temperature of the single-disk windows which are made
of conventional materials such as alumina, sapphire and boron nitride continues to rise during the
operation; for example, the temperature of a boron nitride 140 GHz window rose up to 700 °C. in 2
sec. pulse at 650kW output level0). For CW operation, cryogenically cooled single-disk windows
were tested using sapphire or Au-doped silicon. When these materials are cooled down to the
cryogenic temperature, the loss tangent decreases in one or two order lower and the thermal
conductivity increases in one order higher than at room temperature7'9). The CVD diamonds
(diamond like carbon) are believed as the idealistic material because of its very high thermal
conductivitylo). The loss tangent and mechanical reliability depend on the purity of the diamond.

If we would combine the concept of the effective surface-cooling and the simple structure of a
single-disk window, we could realize CW windows. By means of the gas-cooling, the surface-
cooled single-disk window might be possible to persist in CW power transmission.

A new sintered silicon nitride composite (SN-287) has been developed by Kyocera corporation in
Japan. It has higher thermal shock resistance, higher flexural strength and better thermal conductivity
than sapphire. The loss tangent is comparable to Sapphiren). Table 1 presents the physical, electrical
and mechanical characteristics of the silicon nitride in comparison with C-cut sapphire.

We fabricated a single-disk window, which had an 88.9 mm effective diameter, with a surface-
cooling mechanism by obliquely impinging gas jets on the disk. It was tested in the 150 kW, HE11,
84 GHz transmission line where the power flux density exceeded 8 kW/cmZ on the center of the



Table 1 Comparison of physical. electrical and mechantcal characteristics between
a silicon minde composite and a C-cut sapphire

uint Silicon Nitride Composite Sapphire (LC)
Density Cgem® 3.4 4.0
Modulus of Elasticity  GPa 318 470
Poisson Ratio 0.28 0.3
Linear Expansion Coeff. . % 106 /K 2.4 i 4.5
_Thermal Conductivity | W/mK 59 ' 42
Specific Heat Capacity | JieK 0.63 0.75
Dielectric Constant | 7.9 | 9.4
Loss Tangent boxipt 1.0 (30-40GHz, R.T.) |

1-1.5 (84GHz, R.T)
24 (140-145GHz, R.T.) 1.9 (140GHz, R.T.)

Dielectric  Strength > 104 xvim 1.85 4.8
Bending Strength MPa 300 ! 500
Compressive Strength | MPa 3000 - 6000 ! 2950
Thermal Shock Resistance% >750 deg.C
! (Melting _solder)
Metalizing/Brazing OK OK
Possible  size ¢ 400mm | &270mm, 250x75mm
Cost ; less expensive i expensive

window. The window peak temperature saturated in about 15 sec. at around 120 °C. with gas-
cooling, while it continuously increased up to 320 °C at the end of 30 sec. pulse without gas-
cooling. The gas-jet-cooling demonstrated to handle the power flux density of 8 kW/cm2
substantially in steady state. It is expected that an elongated window such as a Brewster window with
the gas-jet-cooling can handle IMW CW power in the waveguide with an effective diameter of
140mm even for a peaky profile as the HE11 mode.

This paper is organized as follows. The structure of the test window are described in Sec. 2. In
Sec. 3 the experimental setup for high power window testings is explained in detail. Experimental
results are given in Sec. 4. In Sec. 5 a temperature gradient, estimation of heat transfer coefficient,
and a Brewster window for IMW CW window are discussed. Finally, Section 6 is devoted to the

summary of the paper.

2. Forced gas-cooled single-disk window

From a viewpoint of safety and damage in windows attached to the plasma experimental device
such as Large Helical Device (LHD), double-disk windows surface-cooled by FC-75 are not
preferable to single-disk windows. The single-disk windows, however, cannot be used for CW
operation at high power level, because of the mferiority of its thermal conductivity. Larger diameter,
more flattened RF profile and/or another surface-cooling for the window are required for a several

hundred kilowatts to one megawatt CW power transmission.
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Fig. 1 a) Structure of the forced gas-cooled single-disk window of a silicon nitnde composite.
b) Photograph of the window.,

Using the low loss silicon nitride composite, we assembled a forced gas-cooled single-disk
window with an edge-water cooling. Figure 1 (a) shows the structure of the gas-cooled single-disk
window for high power testings. A circular disk of the silicon nitride compostte with a diameter of
150mm and a thickness of about 2mm is held between two stainless steel flanges and sealed by O-
rings. In this window structure, the whole surface of one side is forced gas-cooled by means of gas
erupting nozzles perforated on the inner wall of the flange and the disk edge of another side is water-
cooled. The typical diameter of the holes is 1mm and the number is 24. The nozzle section is
exchangeable to check the effect of the size, the number of the holes and its configuration. A
photograph of the window is shown in Fig. 1 (b). The effective diameter of the window is 88.9mm
and can be connected to a corrugated waveguide with the same inner diameter. Working gases used

for testings are dry nitrogen and dry air.

3. Experimental setup

For the high power transmission/absorption testings through the window, we used a high power
test-stand which consists of an 84GHz high power CW gyrotron, several meters transmission lines,
some quasi-optical components and a CW dummy load.

The power source is an 84GHz gyrotron which has an ability of 500kW 2sec., 400kW 10.5sec.,
200kW 30sec. and 100kW 30min. 0perations3). Normal operation for the window testings is
conducted at 100-200kW power level. The output from the gyrotron which has a flattened RF profile
with a peaking factor of about 4.5 is coupled to an HE]11 mode in a corrugated waveguide by two

focusing mirrors and transmitted over about 3.4m through two miter bends.
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Figure 2 illustrates the 84GHz high power window test-stand. The millimeter-wave power
introduced into the corrugated waveguide is transmitted through the window under test, coupled into
a dummy load by another set of two mirrors in a matching mirror box. Transmitted power through
the window was measured by this dummy load. Temperature profiles and the peak temperature of the
window were monitored by an IR camera through a port equipped on the matching mirror box. The
readings of the IR temperature were directly calibrated by a Pt thermometer in advance. The cooling
gas was supplied from a gas cylinder and its flow rate was measured by a float type area flow meter.

With gas-cooling the total absorbed power in the window disk is divided into two portions in the
steady state. One is the power removed by heat conduction, which is estimated by a temperature rise
of cooling water of the disk. Another is the power removed by gas cooling. The total absorbed power
corresponds to the removed one without gas-cooling.

Matching Mirror Box ~ Corrugated Waveguide
IR Camera = = \

3 S IR

=S R = 17N N DELEEEEEERE SEEEEE
R s ' 1/;— From

_ EAS_ 0 i E o / 84GHz Gyrotron
A Test Window

SiN

Dummy Load

Figure 2 Schematic view of the 84GHz high power window transmission test-stand.

4. Experimental Results

At first we used a 2.53mm thickness disk which corresponded to twice of the wavelength in the
disk. The gyrotron was operated at a high repetition rate of 10Hz and 150kW power level. Average
input power to the window was changed by increasing the pulse width up to 30msec, corresponding
to 30% duty.

Figure 3 shows the dependence of peak temperature rise on the average input power with and
without gas-cooling of dry nitrogen. Without gas-cooling, the saturated peak temperature of the
window disk increased rapidly with the increase of the average input power. Above 50kW, a
phenomenon of thermal runaway seems to occur. By gas-cooling of only 104 liter/min., however,
the saturated peak temperature was reduced drastically.
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Figure 4 Dependence of peak window temperature and absorbed power in the window
on gas flow rate. In this case, the input power is about 150kW and duty factor
is 30%.

The power removed by heat conduction in the disk and maximum temperature on the disk are
plotted as a function of the gas flow rate for 30% duty and around 150kW peak power injection in
Fig. 4. Both have the same dependences on the gas flow rate. The effect of gas-cooling is great in the
range of 100 liter/min. flow.

In order to demonstrate a possibility of a high power CW window, we performed 30 seconds
injection with 130kW power. In this case we used the disk of 1.9mm thickness which corresponded
to one and half of the wavelength. This disk has a lower loss tangent value than the disk of 2.53mm
thickness. Figure 5 shows the time evolution of the peak temperature on the disk with and without
gas-cooling. Without gas-cooling it continued to increase during the pulse, because of the inferiority
of the thermal conductivity. At the end of the 30sec. puise the maximum temperature reached as high
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as 323 °C. On the other hand, with forced gas-surface-cooling of 465 liter/min., the peak temperature
completely saturated during the pulse. The saturated temperature is 123.6 °C. This fact means that
this type of the window can withstand a 130kW CW power transmission of HE]1} mode through the

waveguide with 88.9mm in diameter.

30 sec. pulse

Injection
323 ' A . .
= /\ _-without gas-cooling
: i
g 2505 . 1 |
° 1 ![ \
S 178 | \\ with gas cooling of 465I/min.
® ' /<
@ | \
%— 105.51
- 33 '\"“--o— 1 1 L
0 30 60 90 120 150
Time [sec.]

Figure 5 Time evolution of the peak temperature on the disk during 130kW, 30sec.
injection without gas-cooling and with gas-cooling of 4651/min.
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Figure 6 Comparison between temperature time evolution on the front (gas-cooled} side
(a) and the back {(non-cooled) side (b) of the silicon nitride disk for a 120kW
30sec. pulse injection.

A big temperature difference and a steep temperature gradient between the cooled and non-cooled
sides of the disk sometimes leads to a fracture of the window material. We measured temperature
profiles on each side as shown in Fig. 6. A 120kW 30sec. power was injected into the gas-cooled
Si3N4 disk. Time evolution of the temperatures on both sides was measured by the IR camera. With
gas-cooling both temperatures reached and saturated at a temperature of about 120 °C, and could not
be noticed much differences. The result from thermal analysis is consistent with these experimental

results.



5. Discussion

5.1 Estimation of the heat transfer coefficient

The local heat transfer coefficient of the forced gas-cooling can be estimated by means of
evaluating the decay time of the peak temperature on the disk after turning off of a millimeter-wave
injection. The temporal behavior of the temperature T at a given point is simply described as

al 2
‘a?zyﬁ(Tf*T)*%cVzT o
1 >

where Tf is an asymptotic temperature and 7 , C, A represent a mass density, specific heat and
thermal conductivity, respectively. d corresponds to disk thickness and 4 is the heat transfer
coefficient. The measured decay time constant 7 is a combination of two ways of the heat transport
as shown in the second equation of Eq. (1)

Since the evolution of the disk temperature caused by the heat transfer can not be distinguished
from that by the heat conduction experimentally, we evaluated the decay time constants 7 for some
given heat transfer coefficients by the finite element thermal analysis code (ANSYS) on the same disk
configuration and for the equivalent boundary conditions. Figure 7 (a) illustrates the configuration
and boundary conditions of the calculation. First an initial temperature distribution was established by
30 seconds RF injection. After turned off the RF power, the temperature decay was pursued with a
given heat transfer coefficient s#. The relation between the 1/e decay time and the assumed heat
transfer coefficient / is plotted in Fig. 7 (b). Using this correspondence, we can estimate the heat
transfer coefficient / from the values of 7y obtained experimentally. In Fig. 8, the heat transfer
coefficient estimated by the above described manner are plotted as a function of the gas flow rate. The
coefficient 24 increases gradually with the gas flow rate and are fitted well with a 4/5 power curve of
the gas flow rate normalized adequately as shown by a dotted curve in Fig. 8. The reason is that the
heat transfer coefficient is roughly proportional to a 4/5 power of the Reynolds number which is
related with the flow speed i.e. flow rate as will be shown in the next sub-section. The maximum
value of the heat transfer coefficient is achieved to 0.1 W/cm2K which reaches as high as one thirds
of the value of an FC-75 surface-cooling with a flow rate of 42 liter/min. The heat transfer coefficient
on zero flow rate corresponds to the heat transfer by a natural convection.
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5.2 Comparison of heat transfer coefficient from experimental data with the
estimations from the empirical formula

For the gas flow rate of over 100 liter/min. the random flow seems to be established from its
Reynolds number. A heat transfer coefficient for the random flow is described by following Johnson-
Rubesin formulal2),

N, =0.0296P2"°R}"°, @)
where Nyx, Pr, Rex are Nusselt, Plandtl and Reynolds numbers and given by

C U
No =2 p=22 R,="F 3)

where h is a heat transfer coefficient and 4, 7, v are a thermal conductivity, viscosity and kinematic
viscosity of a working gas, respectively. Cp denotes a specific heat at constant pressure. Uc

represents a flow speed and x is a characteristic length of the configuration. Equation 2 is valid for
the parameter range of 0.5<Pp <5.

Assuming a gas nitrogen flow from one nozzle of 1mm in diameter, choosing the radius of the
window as the characteristic length x , and taking the material parameters into account, we can obtain
the heat transfer coefficient # from eqs.(2),(3). The calculated curve is also plotted in Fig. 8, which

is consistent with the experimental results except a gap at zero gas flow rate.

Table 2 Dependence of the heat transfer coefficient on gas species with their physical
properties at {).1MPa and 300K. In the calculation gas flow speed is assumed to
be 400m/sec. and characteristic length x is 4cm.

Heat
oz oty T, 1500009 oy nomate] Remots |t e 55
p I8 Cp n v Re Pr Nue no

kgim? WimK JikgK Pas mes WimtK

x10° x10° x10% x10°

H2 0.08] 181.00] 14.31 8.9 110.62] 1.446E+05{ 0.7084 3186 1430
He 0.16 183.0G 5.19 18.9 124.38| 1.286E+05| 0.6750 279 1066
N2 1.13 26.0(] 1.04 17.9 15.901 1.006E+06| 0.7160] 1502 S77
Alr 1.16§ 26.14| 1.01 18.6 16.04 9.976E+05] 0.7173] 1484 978
o 1.2¢ 26.30) 0.8 20.7 16.12} 9.925E+05( 0.7241 1497 984
co2 1.77| 18.60) 0.85] 14.9 8.42 1.801E+06) 0.7630| 2607 1082

5.3 Dependence of the heat transfer coefficient on gas species

On the basis of the equation (2}, the dependence of the heat transfer coefficient on gas species can
be estimated. Table 2 presents the calculated heat transfer coefficient for several kinds of gases with
their physical properties. Light molecules such as hydrogen and helium are more efficient than the
others only on the aspect of the cooling efficiency.

As a gas coolant, suffocative, explosive and poisonous gases should be avoided to use in the

gyrotron working space or a plasma experimental building. Otherwise, a closed recycling system of



the gases is required. A cooling and circulating system of much gas is. however, too expensive.
Therefore. dry air 18 more attractive than nitrogen gas from a practical point of view.

We performed the same tests in which dry air was used as a coolant gas instead of nitrogen gas.
No arcing occurred during 140kW, 30sec. power transmission. Peak temperature reached about 135

°C with a flow rate of 407 liter/min., while it was 134 °C with 409 liter/min. of nitrogen gas.

5.4 Brewster window

A Brewster window is advantageous for a reduction of mode competitions and tunable gyrotrons,
because the incident angle at which the wave reflection completely disappears for a linearly polarized
wave in the incident plane does not depend on the frequency, but only on the permittivity. From a
viewpoint of high power windows, the Brewster window has a ot of merits. In addition to its
frequency independence, it has an effectively large area and the power density of an injected RF beam
can be reduced by several times. Being different from normally-injected resonant windows, the
thickness of the Brewster window can be selected freely from the RF wavelength and determined
from the aspect of mechanical designs. Most important point is re-adjustability by changing the
inclination of the disk, because permuittivities of sintering materials have a little difference between
samples even at the same temperature, furthermore they have various temperature dependences. If a
disk is heated up during a high power RF injection, the reflection from the window can be minimized
by changing the disk inclination.

Its elliptical shape also has less internal stresses and smaller deformation than a circular shape with
the same surface area. For imstance, an elliptical disk with the elliptivity of 3 has about 60%
maximum tensile stress and 30% deformation of a circular one with the same area and thickness.

For the silicon nitride composite with a permittivity of 7.92, the Brewster angle 8p is 70.44°.
When an elliptical disk is installed in a circular waveguide, the disk has an elliptivity of approximately
three. Let's estimate the size of a IMW CW window with this material and with the forced gas-
cooling. Since a 130kW CW transmission is possible from the experimental results, 7.7 times of the
disk area is required for IMW, if the peaking factor of the incident wave are kept constant (about 3.7
for HE11 mode). This means that the size of 140 x 420 mm?2 will be necessary. The thickness of the
disk will be about 3.5 mm, if the maximum tensile stress 1s suppressed below 100MPa, when the

maximum deformation 1s expected to be 0.3mm.

6. Summary

The sintered silicon nitride composite has some supertor characteristics such as low loss tangent
and high mechanical toughness to sapphire. We use this composite material for high power
millimeter-wave windows. Since a normal edge-cooled single-disk window is not sufficient to a
several hundreds kilowatts or one megawatt CW transmission, we constructed a forced gas-cooled
single-disk window with an edge-water-cooling. In this window structure, the surface of one side 13

forced gas-cooled from the gas erupting nozzles perforated on the inner wall of the window flange



and the disk edge on another side is water-cooled. High power transmission and absorption tests
were performed by an 84GHz CW gyrotron. Following results are obtained.

(1) The gas-cooling dramatically suppressed the peak temperature of the window disk even with 100
liter/min gas flow rate. (2) A 130kW CW power of HE1] mode could be transmitted through the
silicon nitride window with a effective diameter of 88.9mm. The peak window temperature was
completely saturated on 123.6 °C, while without gas-cooling it continuously increased to 323 °C at
the end of the RF pulse. (3) The estimated value of the heat transfer coefficient for the gas-cooling
achieved to 0.1 W/cm2K, which is comparable to as high as one thirds of the value of FC-75 surface-
cooling with a 42 liter/min. flow. This estimation is consistent with the calculated results based on the
empirical formula. (4) From a practical point of view, dry air could be used as a coolant in place of
nitrogen gas. (5) We discussed a possibility of IMW CW Brewster windows with gas-cooling and
obtained the prospects of the windows with realistic size and thickness.

Finally we actually installed the silicon nitride composite disk to a 168GHz high power gyrotron
for the first time in the world. Over 500kW power is extracted through the window during short
pulse tests. Beforehand the analysis of the ingredient of outgases from the material at high
temperature, metalizing and brazing tests with a copper and heat cycle tests were performed. Forced

gas-cooling structure is now on preparation.
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