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An analysis of F as a function of G for the case of a
passive network shows that Fis a monotone decreasing
function of G. Therefore it follows that the condition of
maximum gain would correspond to that of minimum
noise figure of the network. Consequently, if the mixer
can be considered as a network whose noise contribution
is of thermal nature, one would be interested in mini-
mum loss for minimum noise figure.

SIGNAL-SOURCE IMPEDANCE SETUP FOR
MinmMuM NoiseE FIGURE

On the basis of the foregoing analysis an outline is
given of the experimental setup for minimum noise
figure source impedance.

1) General precautions should be taken as outlined

by Wheeler and Dettinger [3].

2) The IF output is terminated by Pound’s IF cir-
cuit [7]. With the switch in the short-circuit po-
sition, the VSWR is measured on the RF side and
matched.

3) With the switch in the open-circuited position,
tune the circuit to provide maximum VSWR=¢
on the RF side which was previously matched,
and measure 7.

4) The plane corresponding to a maximum or mini-
mum in the standing wave whose VSWR =7 is
recorded and p is calculated.

IRE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES

July

5) A discontinuity is introduced in the line to set up
a real impedance of magnitude p= 7 at the
recorded plane.
Circumstances did not permit supplementing these
considerations with experimental data.
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A Broad-Band High-Power Vacuum Window for X Band*
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Summary—Recent developments in high-power tubes for the
3-cm wavelength region have created a need for waveguide output
windows which are capable of transmitting peak power in excess of
1 megw and average power in the neighborhood of 1 kw, and which
have frequency bandwidths of about 15 per cent. This paper de-
scribes a structure which is designed to meet these electrical re-
quirements, and which also has desirable physical and fabricational
properties. A dielectric plug, which forms the vacuum seal, is used
as one element of a three-element filter. The design procedure and
experimental results are discussed.
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INTRODUCTION

ACUUM windows present one of the major prob-

&/ lems at present in the design of practical high-
power microwave tubes. In the 3-cm wavelength
region, recent developments?! in high-power tubes have
created a need for output windows which are capable of
transmitting peak power in excess of 1 megw and aver-
age power in the neighborhood of 1 kw, and which have
frequency bandwidths of about 15 per cent. Such
windows are used in the output waveguides of high-
power tubes to allow transmission of RF power from the

! M. Chodorow, E. L. Ginzton, J. Jasberg, J. V. Lebacqz, and
H. J. Shaw, “Development of high-power pulsed klystrons for prac-
tical applications,” to be published.
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evacuated output cavities of the tube to a pressurized
external circuit.

A dielectric element is employed which can be made
transparent to the RF wave by suitable impedance
matching. This can be accomplished by shaping the
dielectric, as, for example, in tapered cone windows!—3
and stepped windows?*® or by utilizing matching sections
separate from the dielectric.m®:” The present design,
referred to as a filter window, uses separate matching
elements, with the over-all structure designed as a three-
element band-pass filter for broad-band operation.

EvLECcTRICAL DESIGN

A half-wavelength dielectric plug of characteristic ad-
mittance ¥7 in a waveguide of characteristic admittance
Y, has the following input admittance.

Yo T <Yo 4+ Y, tan ﬂl)
Yi+ 7Y tan Sl

Yo Yy 0
where
B=2mw /N, =propagation constant in dielectric,
Ay, =wavelength in dielectric plug in waveguide.
I=length of dielectric plug along the axis of
propagation.

At the frequency for which =), /2, Vi, is equal to
Y, and an impedance match results. In the neighbor-
hood of this frequency, the input impedance of the di-
electric plug is similar to that of a parallel resonant cir-
cuit, and can be described in terms of the resonant fre-
quency and loaded Q. To evaluate the loaded Q, the
tan Blin (1) is first expanded about the point 8l =m. The
resulting equation may be put into the form

Via . Af
= 1+ ]4:QL _ (2)

0 0

This may be recognized as the input admittance of a
parallel resonant circuit connected across a waveguide
of characteristic admittance Yy, where fy is the resonant
frequency and Qp is the Q of the circuit when loaded on
both sides by the characteristic admittance ¥, In
terms of parameters for the dielectric plug, Q; is found

to be
-G T
SO L O | I 3
Oz 4<>\g1 A K \2q )
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pulsed klystrons,” Amer. Cer. Soc. Bull., vol. 36, pp. 119-120; March,
1956.

4 L. Ragan, “Microwave Transmission Circuits,” M.LT. Rad.
Lab. Ser., McGraw-Hill Book Co., Inc., New York, N. V., pp. 218~
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Fig. 1—Smith chart representation of theoretical input admittance
of ceramic element and metal block elements.
where
Ay, =guide wavelength in air-filled guide,

Ay, =guide wavelength in dielectric-filled guide, and
K =relative dielectric constant.

For rectangular waveguide, we have

A Ao\ 2 —1/2
RIE)
2 2a
oG -G T
Aoy 2a 2a

A ={ree space wavelength,
Lo, No=resonant values of [, \, and
a=waveguide width (major axis).

(4)

and

(5)

where

A low value of Q1 is desired for broad-band operation.
As can be seen from (4) and (3), Q; is low for low di-
electric constant and for waveguide operating far from
cutoff. Fig. 1 illustrates the theoretical resonance prop-
erties of the specific commercial ceramic (Wesgo
AL300) used in the present windows. It has a dielectric
constant of about 9.3. The resonant frequency is
9.0 kmc, and the bandwidth over which the insertion
loss is less than 0.1 db (VSWR less than 1.35) is 490 mc.
The comparison of theoretical and experimental values
of reflection coefficient is shown in Fig. 2.

To obtain greater bandwidth than provided by the
resonant dielectric plug alone, the ceramic section is
used as one element of a multielement band-pass filter.
Filters of the type employed here have approximately
the same bandwidth as a single element, when compared
at the 3-db insertion-loss points. However, if the in-
sertion loss is to be restricted to lower values, as in the
0.1-db example above, then the multielement filter may
have a bandwidth much larger than that of a single ele-
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Fig. 2—Reflection coefficient vs frequency for ceramic element
and metal block elements.

ment. The present filter is designed as a quarter-wave-
length-coupled resonant element filter. The electrical
characteristics of quarter-wavelength-coupled filters
have been described by Ragan.? If all the elements have
the same Qr and resonant frequency, the ratio of inci-
dent power P to transmitted power Py, for # elements,
is shown to be

<ﬁ> =14 22U, (k%) (6)

Pr

where U,(kx) is the Tchebycheff polynomial of the sec-
ond kind, % is a frequency-sensitivity correction, and x
is the frequency variable. Specifically:

U(ka) = 1
Us(kx) = 2kx (N
Us(kx) = 4k%x2 — 1

Upir(bx) = 2kxU,(kx) — U,_1(kx)

iy We -t (8)
=1 1— (=
+4QL[ <w>:l
xzzgﬁff ©)

w, =waveguide cutoff frequency.

The factor k is used to correct for the change in
electrical length of the coupling lines between elements
as the frequency changes. The power transmission
ratios for filters with Q;=2.8 and f,=9000 mc in
H-band waveguide are shown in Fig. 3. The uncorrected
curves are computed with 2=1, while for the corrected
curves k is evaluated according to (8). An inspection of
the curves shows an increase in bandwidth, for a speci-
fied insertion loss, as an advantageous effect of the fre-
quency sensitivity of the coupling lines.

The three-section filter was chosen because of its low
insertion loss and adequate pass band for our applica-
tion. The ceramic is used as one element of the filter.
The other elements may be composed of various types
of resonant devices, such as waveguide cavities, irises,

8 Op. cit., pp. 613-716.
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Fig. 3—Filter transmission characteristics for Qz=2.8.

or capacitive obstacles.® The particular element chosen
for our application is termed a resonant block, and con-
sists of a metal rectangular parallelepiped placed in the
waveguide to periodically change the waveguide im-
pedance. It is in effect a form of capacitively coupled
rectangular waveguide cavity. These blocks may take
different physical forms, as shown in Fig. 4, while re-
taining similar electrical properties.

The blocks were chosen as the resonant elements be-
cause they lead to a simple assembly and can provide
optical shielding of the ceramic, as discussed later. A
single centered block used in conjunction with the sym-
metric blocks may shield the ceramic optically while
operating as desired electrically.

In a similar manner, two asymmetric blocks con-
nected to the opposite sides of the waveguide may be
used, but local fields between elements have been ob-
served to couple power into undesirable modes in the
ceramic section. This effect is detected during cold
testing as a narrow peak in the curve of reflected power
as a function of frequency. In use, higher mode reso-
nances in a window can cause sparking and power loss.
An advantage of the present dielectric geometry is that
the resonant frequencies are calculable as functions of
the various dimensions.

The blocks have a resonant frequency and an effective
loaded Q which are functions of the block and wave-
guide dimensions. The theoretical properties are shown
on a Smith chart in Fig. 1, and a comparison between
theory and experiment is shown in Fig. 2, for the par-
ticular case of f,=9.0 kmc and Q. =1.5. The electrical
properties of the resonant blocks can be found by con-
sidering the admittance Y for the waveguide section
with the block,

*L. M. Winslow, “A wide-band ceramic waveguide window,”
Engineer’s thesis, Stanford University, Stanford, Calif.; August,
1956.
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Fig. 4—Resonant block elements. (a) Symmetric block,
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Y, b

—_—— = — = ¢

Yo ¥ (10)

where b is the height of the waveguide, and b—5’ is the
height of an asymmetric block, or twice the height of a
symmetric block, as shown in Fig. 4.

The resonant length is

)\g ZBdC
l|=—tan!| ———
27 B#+1—¢*

where Bg=discontinuity susceptance at fo.
A fair approximation for Q. may be made for small
Bj as follows:
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The filters discussed thus far have had identical Q.'s.
Since the value of the Q limits the bandwidth, it is logi-
cal to decrease the Q. This can be done for the matching
elements, but it cannot be done for the ceramic element.
In the Tchebycheff design of quarter-wave-coupled
filters, the end elements are of lower Q than the center
elements, in which case the end elements act also as
impedance transformers. In the present filter-window
case, however, this scheme is not employed, as we de-
sire to confine the matching elements to the vacuum side
of the ceramic section, and thus one end element must
be the ceramic element. Rather than complete an ana-
lytic solution to the problem of staggered Q, as applied
to the present case, which would need to include fre-
quency sensitivity of the line and element, the solution
was found experimentally, first numerically on a Smith
chart and then with a cold-test setup.

The final design for a filter window centered at 9.0
kmc was a structure using two elements with Qr=1.5
and the ceramic element of Qr=2.6. The physical pic-
ture is shown in Fig. 5, and the measured electrical
properties are given in Fig. 6. The 0.1-db bandwidth is
1430 mc, or 16 per cent.

(11)

(12)

Hicu-PoweR PROPERTIES

With regard to power handling capacity, both peak
power and average power effects must be considered.
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Fig, 6—Measured transmission properties of the
filter window of Fig. 5.

Taking first the question of transmitting high peak
power, one aspect concerns breakdown due to high RF
electric field strength E. In the present design, the
dielectric region and the waveguide on the output side
of the assembly both have smooth detailed geometry,
free of irregularities which can lead to localized regions
of high E. Gaps between the interfaces of the ceramic
edges and waveguide walls, where large E could be de-
veloped, are not difficult to avoid with the present
geometry. Sharp edges caused by metallizing or by
brazing material on the dielectric face on the output
side of the window are avoided during fabrication, as
mentioned later. The transmission properties of the
dielectric plug are such that E within the dielectric
never exceeds that in the output waveguide. Thus, in
the dielectric and output waveguide sections, the full
power capabilities of normal H-band waveguide should
be realizable. The theoretical value of breakdown volt-
age at atmospheric pressure in uniform H-band wave-
guide at these frequencies corresponds to a peak power
level of 1.77 megw.10

On the vacuum side of the dielectric section, break-
down due to high peak power would probably be an un-
important consideration were it not for possibilities of

10 Ragan, op. cit., p. 191.
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multipactor!!+*? discharge. This is a form of secondary
electron loading which can dissipate RF energy. It is an
electron transit-time phenomenon and could in principle
be established, at certain peak-power levels, in the
spaces formed by the loading bars.

There is considerable evidence that successiul opera-
tion of windows at high peak powers requires shielding
of the dielectric element from direct optical paths lead-
ing to interior of tube. This presumably avoids break-
down resulting from electrons reaching the dielectric.
In the present design, the loading bars which provide
electrical broadbanding also provide optical shielding.

With regard to average RF power capability, the fol-
lowing statements can be made. The rectangular geome-
try of the ceramic element has short paths from interior
points of the ceramic to the top and bottom walls of the
waveguide. This provides for cooling of the interior
points, as heat developed within the ceramic due to
dielectric RF loss can be effectively carried away
through the conductivity of the ceramic. The axial dis-
tribution of E within the dielectric is such that it is
never larger than in the external waveguide, and E2? in
the axial center of the dielectric is about 10 per cent of
its value in the external waveguide. Thus, from the
viewpoint of the gross ratio of heat conductance to total
internal heat developed, the thick dielectric should be
better than a thin one (except possibly in the case of
forced convection cooling). This does not take account
of the relation between spatial distribution of thermal
stress and over-all symmetry of the dielectric which
probably is also of importance.

The power handling capabilities of this window have
been evaluated in two series of tests. One of these was a
laboratory-type experiment in which a model of the
window, constructed as described above, was inserted in
the output waveguide system of a megawatt klystron,
so that the output power of the klystron was transmitted
directly through the test window and then to a matched
load. To evaluate the window in the correct environ-
ment, the section of waveguide leading from the klystron
to the test window was evacuated, so that the input
section of the window containing the copper filter blocks
operated in vacuum as it would if installed directly on a
tube. The waveguide leading from the output side of the
window to the matched load was pressurized at about
three atmospheres. The pressure of three atmospheres
was necessary to avoid breakdown in the waveguide
circuitry associated with power monitoring apparatus.
This was a fixed-frequency experiment with the klystron
operating at 9000 mc. No breakdown of any kind was
observed while transmitting peak power of 1 megw
through the window. The klystron modulator capacity
limited the average RF power through the window to
100 watts.

u K. Bol, “The multipactor effect in klystrons,” 1954 IRE Con-
VENTION RECORD, pt. 2, pp. 151-155,
2 G. Abraham, “Interaction of electrons and fields in cavity
gs??atfé‘? ” Ph.D. dissertation, Stanford University, Stanford,
alif.; 0.
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A second evaluation, covering both peak and average
power, was obtained from operational data on an indus-
trial megawatt X-band klystron developed by General
Electric Company, Palo Alto, Calif., on which the out-
put window is an adaptation of the present design.
Differences from the present window design consist of
various changes in fabrication technique which adapt
the window assembly to the particular processes em-
ployed for commercial manufacture. The output win-
dow on this tube has transmitted peak power on the
range of 1 to 2 megw, and average power in the range of
1 to 2 kw, over the frequency range of 8500 to 9600 mc,
which is the tuning range of the klystron. The tube was
operated into a waveguide system pressurized in the
range of one to three atmospheres.

FaBrICATION

In the models described here, the ceramic block is
brazed directly into OFHC copper waveguide by pro-
cedures which have been successfully used in other
ceramic applications.? The waveguide wall thickness is
reduced to 0.020 inch in the region of the ceramic, and a
molybdenum clamp is placed on the outside of the wave-
guide in this region to keep the copper from expanding
away from the ceramic during brazing. The moly-
manganese process is used to metallize the ceramic
edges, and a hydrogen furnace braze to the waveguide is
made using a Silcoro solder ring placed on the vacuum
side of the ceramic. The copper matching blocks are
brazed in beforehand using Nicoro solder. Stainless steel
jigs are used to hold all internal parts in place during
brazing.

No trouble has been experienced in obtaining vacuum-
tight seals around the rectangular ceramic block. The
simgle rectangular shape is easy to grind to close toler-
ance. The corners to be brazed are given a slight radius.
Final grinding of the broad faces is done after metalliz-
ing of the edges; this cleans up any of the metallizing
mixture which may have run over onto the faces. The
completed window assembly has been subjected to re-
peated bakeouts at 450°C without trouble.

The thick ceramic block resultsin a rugged assembly.
Forces due to pressurizing of the external waveguide, at
several atmospheres if desired, present no problem.
Since optical shielding of the ceramic is achieved by
means of the matching bars, the assembly can be
mounted directly at the output cavity of a klystron or
traveling-wave tube, forming a compact output system.
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