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Abstract

An analytical approach is presented to achieve the fast design of high-power waveguide windows. The analytical calculation
is compared with the result of numerical simulation via the finite-element code high frequency structure simulator and the
experiments of W-band waveguide windows performed at the Stanford Linear Accelerator Center (SLAC), Stanford University,
Stanford, CA. The closed form has been carried out to enhance the accuracy and efficiency, and the exact calculation agrees
with the experimental results and the numerical simulation very well.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

In microwave tubes, ceramic microwave windows are generally used to separate the high vacuum of such devices
from atmospheric pressure. There are mainly two types of vacuum window for waveguide-output tubes frequently in
use. One is a resonance type. The structure is a rectangular waveguide brazed with a dielectric slab whose thickness
isλg/2. The valueλg is the wavelength in the material of the vacuum seal[1–9]. The other is a pillbox type, which is
composed of two rectangular waveguides and one cylindrical waveguide brazed with a ceramic disk[10–16]. The
schematic views of a rectangular waveguide window and a pillbox window are shown inFig. 1. The former is a
simple structure and can support high-power microwave transmission, but it is very difficult to braze the rectangular
ceramic. The latter has the advantage of the reliability of the disk brazing, and has a wide bandwidth. Some of
the problems encountered in the use of conventional vacuum-tight microwave output windows including heating
and destruction of windows due to high losses, arc-over at high output voltages, poor quality due to temperature
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Fig. 1. Schematics of: (a) a rectangular waveguide window and (b) a pillbox window.

limitations of bakeout, and high cost because of expensive geometry. However, there are some basic requirements
regarding the properties of a microwave window including low microwave dissipation, low microwave reflection,
and a vacuum-tight seal.

For Ku-band or lower frequency, pillbox windows were widely used and easily fabricated. Pillbox windows of
millimeter wave tubes become very thin because of extremely high frequency, so that power capacity of the window
is limited, manufacturing is difficult and it is prone to air leaks. By comparison, dielectric waveguide windows are
thicker and can be easily used for the output of Ka-band millimeter wave tubes or even higher frequency. Recently,
it has proven possible to fabricate W-band waveguide windows at the Stanford Linear Accelerator Center (SLAC),
Stanford University, Stanford, CA. The experiments were compared with the results of numerical simulation via
the finite-difference code GdfidL, giving good agreement[17]. In this paper, we present an analytical approach to
achieve the design of high-power waveguide windows with high accuracy and efficiency. The analytical calculation
is compared with the results of numerical simulation via the finite-element code, high frequency structure simulator
(HFSS), and the experiments.

2. Analytical approach

Let us consider a waveguide with its rectangular cross-section of sidesa andb, and the enclosed dielectric slab
with thickness,d. The TE mode (H mode) in the rectangular waveguide is characterized by theHz component of
the magnetic field. By definition, this component is never absent in this mode. Thez component of the Helmholtz’s
equation is(

∂2

∂x2
+ ∂2

∂y2
+ ∂2

∂z2

)
Hz + ω2εµHz = 0. (1)

In this case the effect of losses of the medium inside the waveguide is characterized by the complex permittivityε

and permeabilityµ. The boundary conditions forHz are
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y=0,b

= 0. (3)

Applying the boundary conditions ofEqs. (2) and (3)to the general solution ofEq. (1), which is a constant-coefficient,
second-order homogeneous linear differential equation, the following particular solution can be found by means of
separation of variables:

Hz = H0 cos
(mπx

a

)
cos

(nπy
b

)
exp(jωt − γ z). (4)
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In this equation,H0 is a constant that is determined by the electromagnetic wave energy propagating inside the
waveguide, andm andn are integers. The exponential function is chosen for a particular solution since it represents
propagating waves in thez-direction, whereγ is the propagation constant of the waveguide to be obtained. In order
to obtainγ , Eq. (4)must be substituted intoEq. (1), yielding

γ = ±j

√
ω2εµ −

(mπ
a

)2 −
(nπ
b

)2 = ±j
2π

λ

√
εrµr −

(
λ

λc

)2

. (5)

In this equation,λ represents the wavelength in free space at the operating angular frequencyω, εr andµr are the
relative dielectric constant and permeability of the medium, respectively, andλc is the cutoff wavelength. It then
follows that:

λc = 2√
(m/a)2 + (n/b)2

, (6)

wherem andn are integers. The magnetic field componentHz can be expressed as

Hz =




e−jk1z + R e+jk1z for z ≤ 0,

Ae−jk2z + B e+jk2z for 0 ≤ z ≤ d,

S e−jk3z for z ≥ d,

(7)

where

ki = 2π

λ

√
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λ
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)2

for i = 1,2,3. (8)

When considering the losses in the walls for the mode TE10, we should add the term,−jαc, to the right-hand side
of Eq. (8), where

αc = 1
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The coefficientsR, A, B, andS in Eq. (7)are determined from the boundary conditions
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The above equations become

R = (−1 + e−2jk2d)k1k3µ
2
r2 − (−1 + e−2jk2d)k2

2µ
2
r1µ

2
r3 + (1 + e−2jk2d)k2µr2(k3µr1 − k1µr3)

(−1 + e−2jk2d)k1k3µ
2
r2 + (−1 + e−2jk2d)k2

2µ
2
r1µ

2
r3 − (1 + e−2jk2d)k2µr2(k3µr1 + k1µr3)

,

A= −2k1µr2(k3µr2 + k2µr3)

(−1 + e−2jk2d)k1k3µ
2
r2 + (−1 + e−2jk2d)k2

2µ
2
r1µ

2
r3 − (1 + e−2jk2d)k2µr2(k3µr1 + k1µr3)

B = 2e−2jk2d(k3µr2 − k2µr3)

(−1 + e−2jk2d)k1k3µ
2
r2 + (−1 + e−2jk2d)k2

2µ
2
r1µ

2
r3 − (1 + e−2jk2d)k2µr2(k3µr1 + k1µr3)

,

S = −4 e−2j(k2−k3)dk1k3µr2µr3

(−1 + e−2jk2d)k1k3µ
2
r2 + (−1 + e−2jk2d)k2

2µ
2
r1µ

2
r3 − (1 + e−2jk2d)k2µr2(k3µr1 + k1µr3)

. (11)

If k2d = pπ , wherep is an integer, then we obtain

R = k2µr2(k3µr1 − k1µr3)

k2µr2(k3µr1 + k1µr3)
, S = 2e−j(k2−k3)dk1k3µr2µr3

2k2µr2(k3µr1 + k1µr3)
. (12)
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There is an optimum transmission whenk1/µr1 = k3/µr3. Forp = 2, we have

d = λ√
εr2µr2 − (λ/λc)2

. (13)

Eq. (13)is used to determine the thickness of the ceramic window, which is a full guide wavelength for the SLAC
experiments.Eq. (11)is used to yield theS-parameters as functions of frequency.

3. Results and discussion

For a good match, the window should be a multiple of half the dielectric guide wavelength. Ap = 2 or “1 − λ”
window design as a compromise between bandwidth and ease of assembly is selected for the experiments performed
at SLAC. Several W-band waveguide windows have been fabricated and tested. The dielectric consists of WesCo
AL-995 alumina ceramic of dimensions 2.49 mm× 1.22 mm× 1.09 mm, and it is brazed into an oxygen-free
high-conductivity (OFE) copper WR10(2.54 mm× 1.27 mm) rectangular waveguide with the length of 76.2 mm.
The dielectric constantεr2 is treated as a fit parameter and is inferred to be 9.485 at 91.4 GHz.

Fig. 2. Plot of the measured reflection of the W-band waveguide window,S11 (dB), and the fit of the analytical calculation compared with the
numerical simulation via the HFSS code.

Fig. 3. Plot of the measured transmission of the W-band waveguide window,S12 (dB), and the fit of the analytical calculation compared with
the numerical simulation via the HFSS code.
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Experimental measurements of the reflection parameter,S11 (dB) = 10 logR2, for the W-band waveguide
window, as a function of frequency, seen inFig. 2, were fit with the analytical calculation. Also seen inFig. 2 is
the result of numerical simulation via the finite-element code HFSS, giving good agreement. The center frequency
is 91.4 GHz and the bandwidth for the transmission of 99%, i.e.,S11 below−20 dB, is 1.55 GHz or 1.7%, from
90.625 to 92.175 GHz.Fig. 3shows the results of the corresponding transmission,S12 (dB) = 10 logS2

. Both the
analytical calculation and the numerical simulation via the HFSS code were performed on a workstation equipped
with two 1.7 GHz CPUs and 2 GB RAM. It took nearly 3 hr to get the results from the HFSS code, but only about
3 s for the analytical calculation.

4. Conclusion

In conclusion, we have presented an analytical approach to achieve the fast design of high-power waveguide
windows. The analytical solution is compared with the result of numerical simulation via the finite-element code
HFSS and the experiments performed at the SLAC, Stanford University, Stanford, CA. The closed form of the
S-parameters has been carried out to enhance the accuracy and efficiency of the window design, and the calculation
is in excellent agreement with the experimental results and with the numerical simulation.
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