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Summary—The experimental design of an X-band microwave
maser amplifier which uses a new type of slow-wave circuit is de-
scribed. A detailed theoretical analysis of the circuit is presented in
a companion paper [1]. The slow-wave circuit consists of a cascade of
iris-coupled ruby resonators separated by garnet isolators. This unit
provides significant reduction in size and weight over previously re-
ported maser slow-wave circuits.

The microwave properties of the solid ruby resonator are treated
in detail, and the passive bandwidth of the single transmission cavity
and its relation to the iris susceptance are shown. Experimental
techniques involved in obtaining and measuring precise iris suscept-
ance are presented. A step-by-step procedure for designing an ampli-
fier having a given gain and tuning range is also presented.

Typical performance characteristics include a gain of 30 db,
instantaneous bandwidth of 25 Mc, and a noise temperature of
15°K. An electronic tuning range of 200 Mc has been achieved in one
configuration with a 20 db gain and a 25-Mc¢ bandwidth. The weight of
the maser-dewar unit, filled with 6 liters of helium for 24 hours of
operation is less than 40 pounds. The design of the dewar enables
the cryogenic system to work over a wide range of vertical angles,
thus facilitating the use of the maser at the feed of a large steerable
antenna.

I. INTRODUCTION

OON after the first generation of solid-state maser
S amplifiers were developed, it became apparent that

the instability associated with these reflection-type
cavity devices would prevent their use for many appli-
cations. The benefits derived from the very low noise
were reduced by the instability and complexity of the
maser and the associated cryogenics. With the develop-
ment of the traveling-wave maser, greater stability was
achieved, and, in addition, great improvements in gain-
bandwidth product were obtained. To date, operating
traveling-wave masers which utilize slow-wave struc-
tures are of four types: the comb structure [2], the
meander line [3], the Karp structure [4], and the
coupled resonant cavity structure. One of these, the
comb-structure maser amplifier, has been developed by
several laboratories.

This paper reports on the coupled resonant cavity
tvpe maser developed at this laboratory. The primary
advantage of this tvpe of structure over the others is its
inherent smaller size while it still yields comparable or
improved performance characteristics. This reduction
in size may be seen to be possible by considering the four
basic structures shown in Fig. 1. Each of these structures
must be oriented with the static magnctic field in a
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particular way. To permit unilateral absorption or iso-
lation, the ferromagnetic element is placed in the region
of a circularly polarized RF magnetic field, where the
static magnetic field must then be perpendicular to the
RF field. This requirement follows directly from [5], [6]
L NS
7 (M X H)
where M is the magnetization, H is the magnetic field
and + is the gyromagnetic ratio. The comb structure,
meander line and Karp structure are similar in that the
plane of RF circular polarization is perpendicular to the
plane of the structure. It is thus necessary to orient the
static magnetic field parallel to the plane of these
structures. However, the waveguide filter structure has
the circular RF polarization in the plane of the wave-
guide and thereby permits the static magnetic field to
be directed perpendicular to the plane of the structure.
This is a very real advantage over the other types of
structures in that the magnet gap length may be con-
siderably reduced thus permitting a much smaller
magnet to be used to furnish the necessary field. The
static field for an X-band coupled-cavity type maser is
provided by a small permanent magnet weighing 10 to
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Fig. 1—Four basic traveling-wave maser structures.
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Fig. 2—Complete maser amplifier.

20 ounces which is fixed directly to the maser structure.
The relative smallness of the magnet permits it to be
cooled along with the maser without excessive expendi-
ture of liquid helium. This type of structure can be
readily adapted to use a superconducting magnet, but
it has been found that the fields required for operation
at X-band frequencies may be more easily provided by
a permanent magnet.

The elimination of the large magnet facilitates the de-
sign of the maser-dewar unit to fulfill practical operating
requirements for size, weight and wvariable angular
orientation. In many systems these requirements are
imposed by the necessity for locating the maser very
close to the feed of a large steerable antenna. Design
features of the liquid helium dewar allow operation at
all elevation angles encountered while fixed to a steer-
able antenna. Fig. 2 illustrates the complete maser along
with its associated control unit. The dewar, as shown in
Fig. 2 (and in Fig. 15), is capable of maintaining the
maser at the operating temperature of 4.2°K {or over
24 hours with a 6-liter charge of liquid helium.

Closed cycle refrigerators capable of liquid helium
temperatures are becoming less expensive and more re-
liable. These are finding ready application to maser
systems where liquid helium availability and storage is
a problem. The coupled-cavity maser discussed in this
paper has been designed to be readily adaptable to a
liquid helium refrigerator.

I1. Masgr RF AsSsgMBLY

The maser RF assembly (illustrated in Fig. 3) in-
cludes an input-output and pump waveguide flange
block, Fiberglas heat exchanger tube and maser unit.
The configuration of the heat exchanger tube is such
that the escaping helium vapor is forced to flow in con-
tact with the neck tube of the dewar. The space between
the waveguides and inside the Fiberglas tube is filled
with foamed epoxy to prevent undesirable circulation of
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gas. The signal input and output waveguides are made
of either stainless steel or metallized Fiberglas. At the
bottom of the neck, where the waveguide joins the
maser, the waveguide is transformed into a solid,
alumina-filled waveguide by means of a matching tran-
sition. The design of the matching device is considered
in Section IV and illustrated in Fig. 9. The dielectric-
filled waveguide serves the following three purposes:
1) to keep liquid helium and frozen gases out of the
waveguide in the bath, thereby preventing mismatches
and instability, 2) to reduce the line impedance to that
of the active coupled-cavity filter (the maser amplifying
structure) and 3) to reduce the physical size.

The coupled-cavity structure consists of a number of
transmission-type cavities which are in cascade and
separated from each other by interstage garnet iso-
lators. Pump power is brought into the cavities through
a pump distribution waveguide circuit which lies ad-
jacent to the coupled cavities. Each cavity has a pump
slot in its side, and the cavities form a slot array for the
pump power. Both resonant and nonresonant pump
arrays have been used successfully. The arrangement of
the structure is shown in disassembled form in Fig. 4.

The magnetic field for the maser is provided by a small
Alnico V permanent magnet located within the dewar.
Carefully shaped [7] Armco pole picces assure the re-
quired high degree of homogeneity of field (see Fig. 5).
A trimming coil mounted on the magnet allows small
variations of the field magnitude necessary for initial
adjustment and for fine frequency tuning of the maser.
Two modes of control of the magnitude of the field are
possible. By applying regulated direct current to the
trimming coil, the field magnitude may be continuously
varied. If long time operation at a given field is required,
the field magnitude may be fixed by discharging a
charged capacitor through the trimming coil. Varying
the charging voltage varies the final field to which the
magnet is charged, and when the desired field is estab-
lished, the magnet control may be turned off. (This
feature is desirable because it removes the dependence
of the magnetic field stability, and thus the gain
stability of the maser from the direct current supply.)
Also, by eliminating the continuous current through the
trimming coil, a significant heat load to the liquid
helium bath is removed.

A superconducting lead shell surrounding the maser
assembly provides the magnetic shielding found neces-
sary to eliminate the gain fluctuations of the maser due
to variations in external magnetic fields.

One electrical advantage of the waveguide filter, or
coupled-cavity maser, is that the structure pass band
may be reduced arbitrarily without changing the front-
to-back ratio of the isolators. Since the isolators are not
in a region of high RF field, the net forward loss remains
small even when structure pass bands are reduced to
0.2 percent. The reduced pass band, however, increases



1964 Goodwin, Kiefer and Moss: Coupled-Cavity Transmission Maser-Design 351

the gain as shown by the approximate relationship [8]

8.6M
G(dB) ~ —
OnB

H

m

where

M=number of resonators
On=magnetic Q of material
BW=structure pass band (fractional).

, . With an arbitrarily narrow pass band, high net gain may
Fig. 3—Maser RF assembly. be achieved by using maser materials of relatively high
magnetic (, such as would be the case when operating
a ruby maser at temperatures higher than that of liquid
helium. Tt has been shown [9] that amplification can be
achieved in a ruby reflection-type-cavity maser at
temperatures as high as 77°K. Thus, it would be possible
to extend the operation of the multiple-resonator trans-
mission device to higher temperatures, although the
required pump power may set the upper limit to prac-
tical operating temperature. For the purposes of this
paper, however, we consider only operation at 4.2°K,
the temperature of liquid helium at 1 atmosphere of
pressure, where the over-all performance capabilities of
the coupled-cavity transmission maser are the most
practical.

I1I1I. MicrRowAVE PROPERTIES OF THE
SoLp RuBy RESONATOR

Resonator Frequency

The resonant cavities which form the slow-wave
structure consist of rectangular papallelepipeds of ruby
constructed to be resonant in the TEe;; mode. Silver
plating is used to form the conductive wall of the cavity.
TRIMMING COIL To form the coupling irises of the resonator this plating
e 0156 IN. is removed from precisely determined areas. A filling
factor of unity is assured with this type of construction

as well as high stability of the cavity resonant frequency.
orT RN ) 3 T Two dimensions of the resonator are fixed by the struc-
’ ture cross section, while the third (the dimension parallel
to the direction of propagation through the structure)
[ + is used to fix the resonant frequency.

To determine the resonant frequency of the cavity,
the effective dielectric permittivity of ruby for this con-
figuration must be known. Ruby is an electrically aniso-
tropic crystal and as such has a tensor dielectric per-
mittivity. In addition, ruby is uniaxial, which means
that the dielectric permittivities are such that e, =¢,e¢,
where the z direction is parallel to the optical axis.
€, €, and e, are called the principal dielectric permittivi-
ties of the crystal. For clarity, let e,=¢| and ¢, ==¢,=¢..
Fig. 5—Cross section of maser magnet. The principal dielectric permittivities for ruby have
been measured at 9 kMc and are shown as a function of
temperature in Fig. 6. The effective refractive index »
of ruby may be determined by the ellipsoid of revolu-

Fig. 4—Disassembled RF structure.
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tion about the optical axis

1 cos?d sin? @

n? 7))

1212

where 6 is the angle between the electric vector and the
optical axis. Therelore, the effective dielectric permit-
tivity e for ruby is given by

1 cos? @

sin? @

€ €l €L

The resonators are normally constructed such that
6 =55°; the effective dielectric permittivity for this con-
figuration is also given by Fig. 6. The length of the ruby
resonator can thus be found for a predetermined un-
loaded resonant frequency f, and width a from the
relation

¢/2f.

4/ © <2;a>

where ¢=3X 10! cm/sec.

The relative impedance of the coupling irises pulls the
resonant frequency of the cavity to some loaded fre-
quency fo. The fractional deviation §; is given by [10]

el o

where Q7 is the loaded Q of the cavity and b= B/ Y, the
normalized susceptance of the coupling irises which are
assumed to be identical.

ruby length = cm (1)

B. Loaded

The loaded Q of the cavity has special significance
since the power gain G of the maser depends upon the
ratio of this quantity to the magnetic quality factor of
the maser material 0, [11]. For any given set of oper-
ating conditions, the magnetic Q is optimized and re-
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mains fixed. Thus the gain depends on the loaded O,

and therefore on iris susceptance. The conventional ex-

pression for the loaded Q of a waveguide resonator is
b+ 1

given by [12]
EES
Jo

where fy is the cavity resonant frequency and f, is the
waveguide cut-off frequency.

Another expression for loaded (, which is obtained
from transmission line theory is

1
T — 2 tan™! <—>
b

(BW)™ =01 = (4)

INOIRORD

For the middle of the waveguide band and large b,
(3) and (4) reduce to wb*/2. Eq. (4) and its reciprocal,
fractional bandwidth BW, are plotted in Fig. 7 for
several values of (f./fo). It can be seen that there is ex-
cellent correlation with experimental BIV points.

(BW)™ = Qp =

C. Magnetic Q

The magnetic Q is defined as the reciprocal of the
imaginary part of the paramagnetic susceptibility x”
and is given by [9]

1 hvs
On=— = — ;
X 8r(ne — n){pi)lF

where % is Planck’s constant, v, is the signal frequency’
#n1 and #u, are the number of ions in spin states 1 and 2’
<u?> is the average squared dipole moment of the maser
transition and F is the cavity filling factor. For the par-
ticular case of the symmetric or four-level “push-pull”
mode, Q.. reduces to

kT Av,,

On = 2N (i) (7 — 7).

()

where k is Boltzmann’s constant, T is the absolute tem-
perature, Ay, is the line width of the transition, IV, is
the number of maser ions per cm?® and », is the pump
frequency which is fixed by »..

Eq. (5) which is plotted in Fig. 8 represents the mini-
mum or best possible value of Q,.. In practice, this value
is never realized because it is degraded by several fac-
tors, such as broadening of the paramagnetic line width
by inhomogeneous magnetic field or by crystal imper-
fections, incomplete saturation of pump transition
(incomplete inversion), lower than unity filling factor,
or local heating of the ruby by high pump power.
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D. Iris Susceptance Measurements

We have seen that the gain of the maser and relative
bandwidth of the ruby filter structure depend upon the
iris susceptance. The key to this maser design, therefore,
is the achievement of precise iris susceptances. A simple
and accurate method for attaining precision irises is to
remove the silver plating from the area of the coupling
iris by fine sandblasting through a thin metal template
of a predetermined size.

The shape of the iris is a critical factor in coupling
between the rubies because a favorable field distribution
in the isolator must be maintained. The optimum shape
of the iris is rectangular with the E dimension (height
of the iris) about half that of the ruby. The width of the
iris then determines its susceptance. T'wo methods used
for measuring the iris susceptance are the following:

1) The Reflection Coefficient Method—The standard
method of measuring a susceptance is by measuring the
reflected power from an iris. In this case, since dielectric
filled waveguide is used, great care must be taken that
the iris is backed up by a matched termination. The re-
flection coefficient p is related to the iris susceptance by

2 2 —1/2 Preflected 1
NOIhENE=]
I:( b > ]"incident
This method is satisfactory for determining the suscept-

ance of an iris on the thin metal template used as a
pattern for cutting irises on the rubies.
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2) The Del Method—After the iris has been cut on a
ruby, it is possible to determine its susceptance by
measuring the detuning or frequency pulling introduced
by the reactive nature of the iris. The resonant fre-
quency of the cavity with the iris shorted is compared
with the resonant frequency with the iris open circuited.
A quarter wavelength ruby shorted at the iris end pro-
vides the open circuit. The relation of the amount of
frequency detuning & to the iris susceptance of a con-
ventional half-wave transmission line is given by

—fu 1 1
& = fi f = —tan™! <——>,
fu ™ b

which for the case of waveguides becomes

2= (] ()

1V. Broap-Banp IMPEDANCE MATCH INTO A
DieLecTRIC FILLED WAVEGUIDE

Relatively good broad band RF matches from a
standard waveguide into a dielectric-filled waveguide
can be obtained with the transition shown in Fig. 9 [13]
on the next page. For frequency independent impedance
match, the height of the two waveguides must be equal
at the junction and their widths must be related by

ay €2

12 €

where €/e;= 9.4 for alumina. The optimum stub diame-
ter is 0.8 a3, and its optimum position is a¢g/2 from the
junction. The depth of the stub is adjusted for best
match. A typical VSWR of 1.16 or less can be obtained
over a 25 per cent band with the X-band device.

V. Tue CouprLED-CAVITY FILTER STRUCTURE

O’Meara [1] has described the equivalent network of
the ruby cavity and has analyzed the combined A7-
cavity amplifier networlk. His analysis yvielded essential
design relations and optimum values of parameters. In
this and the sections that follow, repeated reference is
made to his analysis of the isolator-iris effective line
length, the optimum isolation for general M-cavity
system and the gain-frequency functions. Computed
data from this analysis of a 15-cavity maser amplifier
are compared with experimental results.

/1. Passive, Nonisolated Stricture

The bandwidth BW of a single passive-transmission
ruby cavity has been given as a function of iris suscept-
ance [(4)] and plotted in Fig. 7. When the number of
cavities M of the system is increased from 1, it can be
shown that the structure bandwidth decreases to a
minimum for A7 =2, increases for 3> 2, and approaches
that of a single cavity again for larger M. Therefore,



354

(2)

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES

May

o WAVEGUIDE

—~——|MPEDANGE

TRANSFORMER

“

- ——— SUSCEPTANCE
MATCH
DIELECTRIC— LOADED
WAVEGUIDE

O‘
)

Fig. 9—Broad-band impedance transition from standard to dielectric-
filled waveguide.

(4) holds for large M and is nearly correct for M =4. Ex-
perimental results agree with this prediction to a high
degree of accuracy for M >4.

The measured phase-frequency diagram for a passive
15-resonator structure is given in Fig. 10 (opposite)
where B//7 is the normalized phase shift per cavity.
Fig. 10 also illustrates the calculated single cavity
bandwidth BW compared with both the measured re-
flected and the transmitted power over the region of the
pass band. It can be seen that the bandwidth of the 15-
resonator filter is 425 Mg, or slightly less than the cal-
culated BW =440 Mc. A good passive filter character-
istic is necessary for a good active maser amplifier. This
of course requires precise control of the iris susceptance
and ruby resonator center frequencies.

B. The Isolator

Three important functions of the isolators are directly
related to their physical length. First, the isolator must
be long enough to provide sufficient separation between
cavities so that the mutual coupling between irises is
small. For this case, the net susceptance of the coupling
element is twice the susceptance of a single iris. This
gives the desired filter characteristic for the maser
structure. .

The second function of the isolator length is related
to the symmetry of the structure pass band. It can be
shown [1] that a symmetric pass band may be obtained
if quarter-wave coupling between elements is provided.
The electrical length of each isolator 8/ must then sat-

isfy the requirement
T
Bl+ 2 tan—1d = + 7

where b is the iris susceptance.

The third function of the isolator electrical length is
to provide isolation to the active maser amplifier. The
optimum isolation, discussed below, is determined by
the gain of the individual cavities, and since the isola-
tion is nearly a linear function of length, the optimum
length is established.

C. Active Isolated Structure

When the structure is cooled to liquid helium tem-
peratures and pump power is provided to the rubies, the
filter becomes active. In order for the filter to provide
stable gain, isolation is required. The minimum inter-
stage isolation necessary to prevent oscillation, which
was determined by the partially invariant method [1],
is approximately twice the single cavity gain. Because
large ripple in the gain-frequency response is undesir-
able, an isolation of twice the single cavity gain is re-
garded as a lower bound. A maximally flat gain-fre-
quency response is obtained with an interstage isolation
of approximately three times the gain per stage. In
practice, a value of two and one-half is adequate to
produce smooth gain characteristics. The optimum
value is not a linear function of the gain per stage, so the
curves should be consulted for exact values (O’Meara

[1], Fig. 6).
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Fig. 10-—Passive transmission and reflection characteristics of the
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D. Tunability and Gain Characteristic

The fractional active (tunable) bandwidth of an M-
resonator maser amplifier is given to a good approxima-
tion by the relation [1]

)
Qm goe (gos - 1)

where g, is the effective single cavity voltage gain, gus
is the isolated single cavity voltage gain, and H is the
round trip attenuation per isolator as a voltage ratio.
The isolator attenuation is assumed to bhe that which
yields a maximally flat structure response. The product
B0, computed as a function of M for several values of
total amplifier gain is given in Fig. 11. The passive
structure bandwidth BW for large 3 may be deter-
mined from the single cavity gain by using the relation-
ship [11].

1+ H)G-n
a+ o ©)

BWQu
~ BWQ. — 1

Los (7

In practice the gain per cavity is reduced by feedback
through the noninfinite isolator. The theoretical gain
loss per stage as a function of the isolated single cavity
gain with the interstage isolation as the parameter is
shown by the curves of Fig. 12. The effect of interstage
isolation on the active bandwidth of the maser is illus-
trated by the curves of Fig. 13 which show the gain-
frequency characteristics of a 15-resonator maser for a
series of isolator attenuation values. It has also been
found experimentally that the minimum isolation re-
quired for stable maser gain results in an active band-

width which is reduced nearly 50 per cent from that of
the passive structure.

The signal frequency of the maser amplifier, which is
determined by the 2-—-3 transition of the ruby spin sys-
tem, is a function of the magnetic field. It is plotted in
Fig. 14 for the frequency interval from 7 to 10 Ge. The
amplification band may be tuned either up or down in
frequency by increasing or decreasing the magnetic field
strength. The exact eigenvalues for either the signal or
pump frequency can be obtained from the spin-Hamil-
tonian or from published tables [14].

E. dmplifier Bandwidth

The instantaneous amplifier (3 db) bandwidth is de-
termined by the shape of the ruby line and is given by
the expression for a conventional traveling-wave maser

3
Amplifier bandwidth = Aum/‘/A* — -
Gar — 3

F. Isolator Alignment and Tracking

The ferromagnetic resonant frequency of a ferrite
depends upon the magnitude of the applied static mag-
netic field, the magnetic properties of the material and
the size and shape of the specimen being considered.
Kittel has shown [5] that the resonant frequency w of a
ferrite sample in the form of an ellipsoid with principal
axes parallel to the x, v, 5 coordinate axes is given by

w=v{[H.+ (V, — NOM.][H., + (N, — N)M,]}/*
where N,, N, and N, are the demagnetizing factors

which are functions of this size and shape of the sample,
M, is the saturation magnetization of the material and
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H, is the static magnetic field. v is the magneto-mechan-
ical ratio which for electron spin is numerically 2.8
Mc/G.

The ferrite best suited for use as the maser isolator
material was found to be polycrystalline yttrium-iron-
garnet (YIG) which has a saturation magnetization of
about 2200 G at 4.2°K. The ferrite is in the form of a
rectangular parallelepiped and is located in the plane of
circularly polarized RF magnetic field of the TEy
propagating mode of the solid alumina waveguide.

In designing the isolators, it was necessary to adjust
the demagnetizing factors of the ferrite to the values
which allow the ferromagnetic resonance to coincide
with the paramagnetic resonance of the ruby as a func-
tion of the applied static magnetic field. For a narrow
frequency of operation, this is a relatively simple mat-
ter. Since the paramagnetic resonance of ruby nearly
follows the Larmour condition w=-yH, it can be seen
from the Kittel equation that the isolator absorption
frequency can be made to follow the ruby line over a
wide frequency range only if N.=N, or if N, and IV,
are very small relative to IV,.

Fig. 14 shows the absorption line {cross-hatched area)
of a typical wide band isolator at both room tempera-
ture and at 4.2°K.

VI. TRAVELING-WAVE MASER DESIGN PROCEDURE

The performance specifications of the maser ampli-
fier determine its configuration. Specifications which are
particularly relevant are listed in Table I, along with
the parameters to be determined. The design data for a

tunable X-band maser which is now operational is given
in Table I1.

TABLE I

PERFORMANCE SPECIFICATIONS AND ESSENTIAL PARAMETERS
orF MASER AMPLIFIER

Amplifier Specifications Parameters to Be Determined

Net gain
Center frequency
Tunable bandwidth B,

Electronic gain Gap
Magnetic @

Number of cavities]d
Passive bandwidth BTV
Iris susceptance b
Interstage isolation H
Isolator length 6.,
Magnetic field

Pump frequency

TABLE 11
DEesioN DATA ForR A TuNaABLE X-BAND MASER

Center frequency 9.3 Ge

Net gain 20 db min
Electronic gain 30 db
Magnetic Q 20

Number of cavities & 15

Interstage isolation H 0.53 (5.5 db)

Effective single cavity gain go. 1.26 (2.0 db)
Isolated single cavity gain gos 1.3 (2.3db)
Tunable bandwidth B, 0.025 (230 Mc)
Structure bandwidth BTV 0.048 (410 Mc)
Coupling iris susceptance b 3.7

Optimum isolator length 1.04 rad
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The general maser design parameters are determined
as follows:

1) The electronic gain should be sufficient to over-
come the structure loss. The gain-to-loss decibel
ratio for operation at 4.2°K is about 6:1, making
the electronic gain about 20 per cent higher than
the net gain required (in decibels).

2) The magnetic Q of ruby can be obtained from Fig.
8 for the “push-pull” mode at any frequency from
7 to 10 Ge.

3) From B,, Qn, and G, the number of cavities A is
established {rom the curves of Fig. 11.

4) Optimum interstage isolation H is determined
from O'Meara’s Fig. 6 [1].

5) The single cavity gain g,, may be found from g,
H and Fig. 12.

6) The passive structure bandwidth BTV may then
be determined from (7).

7) The coupling iris susceptance & is found from
Fig. 7.

8) The optimum isolator length 8,, may be obtained
from 0,42 tan'b=+x/2.

9) The magnetic field and pump frequency can be
determined from the spin-Hamiltonian or from
published tables [14].

VII. CRYOGENICS

The liquid helium dewar (Fig. 15) designed for the
coupled-cavity maser is a single fluid type with a fluid
capacity of about 6 liters. Radiation protection {or the
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RADIATION
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TANK

Jt 2
o —

Fig. 15—Cross section of dewar.
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liquid helium chamber is provided by a copper shield
surrounding the chamber. The shield is connected to the
neck of the dewar and during operation is maintained
at about 80°K by the helium vapor passing through the
neck. The helium chamber and the dewar neck form a
re-entrant type structure in which the wall temperature
is essentially constant throughout. As a result, the
helium liquid does not contact “hot” areas within the
dewar with subsequent boil-off, regardless of the posi-
tion of the dewar. This feature, in addition to the single
fluid type dewar permits the dewar to be operated in
any angular position from vertical to horizontal.

VIII. OrPERATIONAL MASER PERFORMANCE

To date, Hughes has developed several masers for
systems application in the frequency range of 7600 to
9500 Mc. The operating characteristics of these masers
were varied with the application from a net gain of 40 db
tunable over 40 Mc/sec to a net gain of 20 db with 200
Mc/sec tunability. The instantaneous 3 db bandwidth
ranged from 10 Mc/sec for the high gain masers to 30
Mc/sec for the masers with reduced gain. The noise
temperature of the maser is less than 20°K with typical
measured values of 12 to 13°K. Measurements of sta-
bility indicate a gain drilt of less than +0.1 db for a
period of more than 20 hours of continuous operation,
and less than +0.2 db when the unit was continuously
tilted + 85 degrees from the vertical.

IX. CoNcLUSIONS

The coupled resonant cavity type traveling-wave
maser has been analyzed as an active microwave filter
in this and a companion paper [1], and a design pro-
cedure has been established. The important design pa-
rameters have been shown which demonstrate the wide
range of performance characteristics possible with this
type of structure.

The more practical advantages of the coupled-cavity
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transmission maser over previously reported traveling-
wave masers are its reduced size and competitive per-
formance at 4.2°K. These advantages may be particu-
larty important in cases where it is necessary to inte-
grate the maser with mobile equipment or with a closed
cycle refrigerator.
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