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PREFACE

Project MICHIGAN is a continuing research and development program for ad-
vancing the Army's long-range combat-surveillance and target-acquisition capabil-
ities. The program is carried out by a full-time Institute of Science and Technology
staff of specialists in the fields of physics, engineering, mathematics, and psychol-
ogy, by members of the teaching faculty, by graduate students, and by other re-

search groups and laboratories of The University of Michigan.

The emphasis of the Project is upon basic and applied research in radar, in-
frared, information processing and display, navigation and guidance for aerial
platforms, and systems concepts. Particular attention is given to all-weather,
long-range, high-resolution sensory and location techniques, and to evaluations of
systems and equipments both through simulation and by means of laboratory and
field tests.

Project MICHIGAN was established at The University of Michigan in 1953. It
is sponsored by the U. S. Army Combat Surveillance Agency of the U. S. Army Sig-
nal Corps. The Project constitutes a major portion of the diversified program of
research conducted by the Institute of Science and Technology in order to make
available to government and industry the resources of The University of Michigan
and to broaden the educational opportunities for students in the scientific and en-

gineering disciplines.

Progress and results described in reports are continually reassessed by Pro-

ject MICHIGAN. Comments and suggestions from readers are invited.

Robert L. Hess
Technical Director
Project MICHIGAN
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X-BAND LADDER-LINE TRAVELING-WAVE MASER

ABSTRACT

The factors to be considered in the design of a broadband traveling-wave solid-
state maser are outlined, with particular consideration given to the choice of an
rf propagating structure. Desirable structure characteristics for a TWM (traveling-
wave maser) are low loss, high slowing, ease of coupling between the pump signal
and the paramagnetic crystal, simple, rugged construction, and easily accessible
regions of different senses of circular polarization of the rf magnetic field.

An X-band ruby TWM has been constructed and tested in which the rf structure
is a double-ridge ladder line and the signal is coupled into and out of the structure
with coaxial lines. The pump power is propagated in a waveguide mode and the
device is operated at and below liquid-helium temperatures. A 4-inch electro-
magnet was used. The TWM was operated at the push-pull point with a pump fre-
quency of 24 kmc and a signal frequency of approximately 9. 65 kmc; the magnetic
field was 4.1 kilogauss.

Gross gains of 15 db have been obtained and bandwidths as high as 130 mc were
observed. Reduced structure losses and longer sections of ruby promise a square-

root voltage gain times the bandwidth (Gl/zB) of 1100 mes (30 db over 35 me).

1
INTRODUCTION

In 1956, Bloembergen proposed an excitation scheme through which continuous micro-
wave amplification could be obtained by utilizing three energy levels of a paramagnetic material,
called the three-level solid-state maser (Reference 1). This scheme employs a microwave
pump signal to transform the material from an absorptive to an emissive state when such a
material is stimulated by radiation at the signal frequency. His prediction that it would ex-
hibit very low noise characteristics generated a great deal of interest in the maser, and since
then this principle has been successfully utilized to construct maser amplifiers of both the

cavity and traveling-wave types (References 2 through 6).

In a cavity maser the microwave radiation is coupled to the paramagnetic salt by making
the cavity, containing the paramagnetic salt, resonant at both the signal and pump frequencies.
Such masers, however, do not utilize the full line width of the material because of the high de-
gree of regeneration required to obtain a significant amount of gain. This regeneration, in
turn, limits the bandwidth of operation. A measure of the performance of these systems is the

product of the square-root voltage gain times the bandwidth in megacycles. Representative
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1/2

values of G*' "B for cavity masers vary from 40 to 100 mes. Various schemes such as res-

onant coupling and stagger tuning several cavities have been proposed to increase achievable

1/2

values of G* "B. Square-root gain bandwidth products of 200-300 mcs have been obtained

using resonant coupling of maser cavities at X-band.

A TWM, on the other hand, employs a slow-wave structure in place of the resonant cav-
ities and should permit larger instantaneous bandwidths. The velocity of energy propagation
along the rf structure can be made very low so that effective coupling between the microwave
radiation and the spins of the paramagnetic salt can be obtained. Unidirectional gain can be
obtained if a slow-wave structure which has separated accessible regions of circular polar-
ization of the rf magnetic field is chosen. A material with circularly polarized signal fre-
quency transitions can then be located in the structure in such a manner that coupling between
the rf field and the material is obtained for only one direction of propagation. When the ma-
terial is located in this way, and a pump signal of the proper frequency is employed, the ma-

terial exhibits a negative resistance as viewed from the rf structure and an exponential growing

wave results in the one direction, while little or no growth is obtained in the reverse direction.

Unidirectional loss can also be incorporated in the structure in the same manner as gain.
A high degree of isolation can be obtained by using either a highly doped paramagnetic ma-
terial, whose thermal equilibrium cannot be disturbed by the pump power, or a ferrimagnetic

material such as yttrium iron garnet.

Because unidirectional gain and loss can be obtained in a TWM, freedom from regenerative
instability can be insured with the result that the TWM has a higher degree of gain stability
than the cavity maser. This is of great practical importance in many systems applications;

e.g., in radiometers and radio telescopes.

Since the passband of the slow-wave structure can be made much larger than the material
line width as defined by the magnetic susceptibility curve, full utilization of the line width can
be achieved so that a larger instantaneous bandwidth than that of the cavity results. Another
advantage of the TWM is the possibility of electronic tuning over a wider frequency range.

This tuning is accomplished by changing the pump frequency and the d-c magnetic field.

2
TRAVELING - WAVE MASER THEORY

The gain expression for a TWM has been derived in the literature (Reference 5). One

form is:
_ 27.3SN 1)

G
db Qm
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where S

vi = the electromagnetic wave slowing factor
g
N =L

T the number of free-space wavelengths along the structure

o

Qm = the magnetic @, determined by the material and the filling factor in the
structure

c and v_ = the velocities of light and of energy propagation along the structure, respec-
tively
It is clear from Equation 1 that in order to obtain high gain, the slowing factor should be
as high as possible and the magnetic Q as low as possible for the frequencies of interest. For
a typical magnetic Q of 150, a slowing factor of 50, and a structure length of 4 inches, a gain

of approximately 30 db at 10 kme can be obtained.

It has also been shown by Degrasse et al. (Reference 5) that, assuming a Lorentzian line

shape, the 3-db bandwidth of a TWM is approximately given by

B-p_ |- (2)

m\JGdb—3

where Bm is the frequency bandwidth over which the imaginary part of the complex permeabil-

ity is greater than one-half its peak value. For a gain of 30 db the bandwidth is approximately
equal to 0. 335 Bm. Bm depends on both the material and the point of maser operation that is
employed. For ruby, which has been found to be a good maser material, a typical value of

Bm at 6 kmc and at an angle of 90° between the d-c magnetic field and the ruby c-axis is ap-
proximately 60 mc. At the push-pull point and for X-band maser operation, Bm is of the order

of 120 mc. Thus a gain of 30 db over a bandwidth of more than 35 mc would be obtained at

this point of operation.

The group velocity in a slow-wave structure can be related to the pitch and the width of
the passband as follows. For the fundamental mode of a periodic structure operating in the
passband, the phase shift per section varies between SL = 0 and SL =7, where L is the pitch

and SL is the phase shift per section. Therefore,

v :@:ﬁo=2m§f
g dB a8 AB

= 2LAf (3)

The slowing factor S of Equation 1 can then be written as
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It can easily be seen from Equation 4 that the smaller the pitch and the passband the higher
the slowing factor. Since the gain in the TWM is directly proportional to the slowing factor,
both the pitch and the passband of the slow-wave structure must be made as small as possible.
This requirement results in TWM rf structures which have a very small pitch for a given fre-

quency.

3
MASER SLOW-WAVE STRUCTURES
A slow-wave structure which is suitable for TWM operation must possess the following

characteristics:

(1) The structure must be designed so that a high degree of slowing is achieved in the
signal energy propagation along the structure; i.e., high slowing factors should be
obtainable in such a structure.

(2) It must possess different senses of circular polarization of the rf magnetic field in
different regions which are readily accessible. This makes unilateral gain and loss
possible.

(3) The insertion loss due to ohmic losses in the structure must be as small as possible.
This, of course, will improve the net gain of the amplifier.

(4) The structure must be constructed so that provision can be made to allow effective
coupling between the pump signal and the paramagnetic material. This could be in
the form of either a broadband resonant mode or a propagating mode.

(5) Relatively large size (compared with 7\0), ease of manufacturing, ruggedness, and
easy means of coupling the signal power into and out of the structure conclude the list

of features a slow-wave structure must have to be applicable in a TWM scheme.

Several structures which have been discussed in the literature (Reference 5) possess the
characteristics cited above and a few of them (References 4-6) have been successfully applied
to construct TWM amplifiers. These amplifiers have been operated in the frequency range of

6 kmc and lower (References 4-6).

A double-ridge Karp structure has been employed at the Electron Physics Laboratory to
develop a TWM at X-band frequencies. A detailed discussion of the characteristics of this

structure and its utilization in a TWM is presented in the following sections.
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There are several means for achieving significant wave slowing, including dielectric,
geometric, resonant, and dispersive slowing. In dielectric slowing, perhaps the most famil-
iar of these methods, the group velocity of the wave is proportional to 1/\/2;. A slowing factor
of 50 would therefore require a material with a dielectric constant of 2500. Since available
materials with such a high dielectric constant are generally lossy, unstable, and temperature-
sensitive, this method of slowing is not considered very practical. Materials such as titanium
dioxide with an €.= 100 are particularly useful in TWM's operating above X-band, where many
free-space wavelengths can be obtained in a short physical distance. It is also desirable that
the Qm be relatively small. If dielectric slowing is used in a rectangular waveguide and if the

energy is propagated in the TE, . mode, the size of the waveguide is also reduced by the square

root of €r, which can become vie(i‘y tiny at high frequencies and thus very difficult to fabricate.
Geometric slowing is best exemplified by the helix, which is a nonresonant periodic rf
structure. The wave travels in the direction of the helix wire with the velocity of light, while
the axial phase velocity is reduced in proportion to the number of turns per wavelength. High
slowing can be obtained in a helix over a large bandwidth. However, since the field configur-
ation is not favorable, a spiraling d-c magnetic field would be required to orient the d-c field

perpendicular to the circularly polarized rf field.

The various types of ladder structures, e.g., the interdigital line, the comb structure,
and the Karp structure, are examples of resonant slowing. In these structures ladder elements
extend from the walls into the region between the walls and in some cases are connected to the
walls at both ends. Each period of the ladder structure is a resonant element, and the energy
is reflected back and forth between the side walls in the form of a propagating TEM wave.
These types of periodic structures have a definite passband with associated upper and lower
cutoff frequencies. As shown in Equation 4, the narrower the passband in such structures and
the smaller the pitch, the higher the slowing. As a result, slowing factors of very high mag-
nitudes can be achieved in these structures. Limits do exist, however, because the passband
of the structure must be at least as large as the material line width, and because the pitch
must not be so small as to prevent effective interaction between the rf fields and a large num-
ber of spins. This lower pitch limit is due to the fact that, as the spacing between fingers be-

comes smaller, the fields become more tightly bound to the fingers.

Dispersive slowing is obtained by operating very close to the cutoff frequencies of a micro-
wave filter, whether of the low-pass, high-pass, or bandpass type. Very high slowing factors
can be obtained in such a region of operation, but the Q of the structure must be high to avoid

excessive amounts of insertion loss.
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KARP-TYPE SLOWfWAVE STRUCTURE

The Karp-type slow-wave structure consists of a planar array of conductors which are
situated in a waveguide in such a manner that they are electrically connected to the side walls.
The waveguide can be either double- (Figure 1b) or single-ridge (Figure 1c). When the ridges
are not present the structure becomes nonpropagating, because the electric and magnetic
couplings between adjacent rods cancel. Since this structure, known as the Easitron structure
(Figure la), has a zero passband, it must be loaded in some manner to obtain a finite pass-
band. The double-ridge Karp structure has been employed here in developing a TWM at X-
band frequencies. The characteristics of the double-ridge structure are very similar to those

of the single-ridge structure and will be discussed in detail in Section 6.

(a)

V4

) C
C o 2
b)

(

D) C

CW)
(c)

FIGURE 1. LADDER-LINE
RF STRUCTURES. (a) Easi-
tron nonpropagating structure.
(b) Double-ridge Karp propa-
gating structure. (c) Single-
ridge Karp propagating struc-
ture. The arrows indicate the
sense of circular polarization.

The Karp-type structure possesses all of the characteristics essential to a TWM appli-
cation. Very high slowing factors can be obtained by adjusting the dimensions and by properly
loading the structure with a dielectric which in this case can be the active maser material it-
self. The magnetic field has different senses of circular polarization above and below the plane

of the fingers. Therefore, unilateral gain and attenuation can be obtained by placing the active
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maser material and the isolation material below and above the fingers, respectively. The mag-
netic field intensity is maximum at the shorted ends of the fingers and zero in the middle. The
electric field is maximum in the middle of the fingers and zero at the shorted ends. Thus, by
placing a dielectric material such as ruby next to the side walls, effective magnetic coupling
can be achieved without producing high dielectric loading, which might otherwise affect the

structure characteristics considerably.

The microwave pump power, which is necessary to invert the spin population in the par-
amagnetic crystal, can be propagated in the ridged waveguide which encloses the ladder line.
If this power propagates through the waveguide in a TE10 mode, and if the ladder line is placed
in the middle of the waveguide (Figure 1b), a minimum amount of coupling between the wave-
guide mode and the ladder will result. The waveguide can be shorted at one end and a coupling

iris placed at the other to enhance the coupling of the pumping field to the maser crystal.

The group velocity, which is needed to compute the gain, and the tunable bandwidth of the
maser can be computed from the frequency vs. phase-shift-per-section characteristics of the
slow-wave structure. Since these characteristics are essentially the same in the double- and
single-ridge Karp structures, the phase vs. frequency characteristics of the single-ridge
structure have been analyzed in detail. The effect of dielectric materials placed in different

regions of the structure, namely, in the middle and at the sides, has also been considered.

Figure 2 shows a single-ridge Karp structure. The material on the sides has a relative
dielectric constant, erl, which in this case is that of the active maser material, ruby, whose
€. = 9. The material between the ridge and the ladder has a relative dielectric constant €rg®
This material can be either rutile (er = 100) or air (Gr = 1).

A useful equivalent circuit for this structure is shown in Figure 3. The fingers are con-

sidered as two shorted transmission lines with a characteristic impedance of Z Land C

0
include the effects of the ridge and the dielectric material.

For the equivalent circuit of Figure 3, the lower frequency cutoff occurs when the ad-

mittance of the shunt arm is equal to zero. This can be expressed as

1 .
Yshunt = ]ETCL + ]27TfCC =0 (5)

where fc is the lower cutoff frequency. L is then expressed as
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FIGURE 2. TWM STRUCTURE
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FIGURE 3. KARP STRUCTURE EQUIVALENT CIRCUIT
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where w, = 2nfc. The susceptance of the shunt arm is conveniently written as

w
. c

Bhunt =19C 1- (To—) (7)
If the series arm in Figure 3 is considered as two shorted transmission lines in parallel,

the susceptance of this arm, B becomes

series’

- Ba
Bseries - JZY0 cot 2 (8)

where a = the finger length
Y0 = the characteristic admittance of the fingers considered as a transmission line
8 = phase shift in radians per unit length
If f1 is taken as the frequency at which the slot length a is one half a free-space wave-

length, then Equation 8 becomes

_ mf
Bseries N -]2Y0 cot (2 f1> ®)

Filter theory is used to relate the phase shift per section, 6, to the admittances of the
series and the shunt arms through the expression

B
cos 6 =1 +$— (10)

series

Substituting the values of Bs and Bseries from Equations 7 and 9 into 10 yields

hunt

cos § =1 - 27f (C—f(-))[ - (%)2:1 tan <g%—> (11)

1
Thus for a certain fc, fl, and CZO’ a phase shift vs. frequency curve can be obtained.

The lower cutoff frequency is determined by the waveguide dimensions, by the kind of
dielectric material that is employed, and by the location of this material in the waveguide.
The cutoff conditions in a ridged waveguide have been presented in the literature (References 7
and 8) and are plotted in Figure 4 for convenience. The cutoff conditions for a dielectric loaded
waveguide, which are of interest here, have also been plotted in Figure 5. These graphs en-
able one to obtain the lower cutoff frequency of the structure and also the cutoff frequency of

the TE20 mode, which is of interest when the pump power is propagated through the structure

in a waveguide mode.
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FIGURE 4. CUTOFF CONDITIONS OF THE
TE9 MODE IN A RIDGED WAVEGUIDE
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FIGURE 5. CUTOFF CONDITIONS FOR A DIELECTRIC LOADED WAVEGUIDE. (a) €. = 9, €. = 100.
(b) €. = 9, Er =1 1 2
1 2
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The frequency f1 is fixed by a choice of the length of the fingers. This choice and the
amount of capacitive loading that is introduced by the ridge and the dielectric determine the

upper cutoff frequency of the slow-wave structure.

The amount of capacitive loading is measured by C, the capacitance of the shunt arm, and
can be approximately expressed in terms of the dimensions and the dielectric constant through

the expression

C~ ec(p - x) (12)
d
where p = the pitch of the ladder line
d = the distance between the ridge and the ladder
¢ = the width of the ridge
x = the width of the slot in the ladder

€ = the dielectric constant of the material between the ridge and the ladder

The above equation gives an approximate expression for C. The major contribution to C
arises from loading at the middle because the electric field is maximum there and becomes
zero at the side walls. This value will be increased, however, when a dielectric material is
placed on both sides of the ridge as is done in a TWM. The increase depends on the distance
the material extends from the side walls to the ridge and also on the distance from the ladder

line to the bottom plate.

From transmission line theory, the characteristic impedance Z_ of Equation 11 can be

0
approximately expressed as

~ X
Z,~ 120 (n 7 (13)

where t = the thickness of the ladder line. Thus, CZO’ which appears in Equation 11, can be

written as

_ 120€cp X X
Czy = =5 (1 _ p) tn 3 (14)

Thus for a certain set of dimensions of the structure, fc, fl’ and CZ0 can be calculated
so that Equation 11 can be used to calculate a phase shift vs. frequency curve. From this

plot the group velocity can be calculated at any frequency in the passband. Several of these

curves have been plotted and are presented in Figures 6-9.

11
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12

5
PHASE SHIFT vs. FREQUENCY for the KARP STRUCTURE

Figure 6 illustrates the effect of CZ0 on the characteristics of the structure. It can be

seen from these curves that for a certain lower cutoff frequency, fc, and a certain fl’ the

upper cutoff frequency is decreased when CZ0 is increased. This decreases the structure

passband and higher slowing factors result. CZO is related to the structure dimensions and to

the dielectric constant of the material through Equation 14.

180
160

140} -

—
no
(=]

—
o
o

80

6 (degrees)

60

40

20

0 ‘ |
8 8.5 9.0 9.510.010.511.011.5
FREQUENCY (kmc)

FIGURE 6. PHASE SHIFT PER SECTION
9, vs. FREQUENCY WITH CZ AS A PA-
RAMETER. f, = 8 kme, f; = 11 kme.

It is obvious from this relation that CZ0 can be increased in several ways. One way is to

decrease d, the distance between the ladder and the ridge. This, however, has a slightly
negative effect in that the lower cutoff frequency is decreased when d is decreased while the

other dimensions are kept the same. The net effect is favorable, however, because the upper

cutoff frequency decreases more rapidly than the lower one, which results in the passband

becoming narrower. This effect is illustrated in Figure 7.

Another way to increase CZ0 is to increase the dielectric constant of the material be-

tween the ridge and the ladder. This has the same effect as decreasing d.
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FIGURE 7. PHASE SHIFT PER SECTION, 0, vs. FREQUENCY
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The group velocity, Vg’ which can be easily derived from Equation 11, is expressed as

f 2 1/2
8 ( c) 7 f
27f (_:_ZQ - 27f T tan <§ F)

1-(%)2 tan (I £ gt <f_>
6} | e

Graphs of Vg/p vs. frequency for different values of CZ

follows:

Sll’l ra

and specified values of fc and f, are

shown in Figure 8. These plots show that vg can be ma?ie as small as desirable, either %ay
decreasing p or by increasing CZO, while keeping fc fixed. There are limits, however, on how
small the pitch can be made. These were mentioned in Section 3. CZ0 can be increased with-
out affecting the lower cutoff frequency by increasing the ratio x/t.

It has been found that the passband can be narrowed and that higher slowing factors can be
obtained by properly loading the structure with a dielectric material. This is illustrated in
Figure 9, where the characteristic of an unloaded structure is compared with that of a ruby-
loaded structure. For the unloaded structure the lower and upper cutoff frequencies were
measured and found to be 8. 5 and 12. 5 kmc respectively. The loaded structure showed a lower
cutoff frequency of 7 kme and an upper cutoff frequency of 10 kme. This structure was em-
ployed in the TWM experiments. Detailed discussions of the TWM assembly, the double-ridge

Karp structure, and the experimental results are given in the following sections.

13
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VALUES OF CZ;,. p is the pitch. f, = 8 kme, f;= vs. FREQUENCY FOR THE DOUBLE-RIDGE
11 kme. KARP STRUCTURE

TRAVELING - WAVE6 MASER ASSEMBLY
A double-ridge Karp-type slow-wave structure was employed in the TWM experiments.
The ladder line of this structure has an over-all length of 4 inches, but the effective length
of the interaction region is approximately 3. 5 inches because the diameter of the pole pieces
of the magnet is only 4 inches. The ladder line is photo-etched and made out of copper. It has
a pitch of 0.040 inch, a separation between fingers of 0.020 inch, and a finger length of 0. 44

inch. The phase shift vs. frequency characteristics of this structure are given in Figure 9.

The active material is light ruby, which has approximately 0.05% Cr+++ concentration.
Both dark ruby, which has approximately 1% et concentration, and polycrystalline yttrium

iron garnet have been used for isolation.

An assembly view of the TWM is shown in Figure 10. The two coaxial lines provide the
input and output coupling of the signal power to the structure. A sliding short which is adjust-
able by a screw movement, as well as the K-band waveguide through which the pump power is

coupled into the structure, can also be seen in this figure. A provision for lowering the liquid

The University of Michigan
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FIGURE 10. ASSEMBLED TRAVELING-WAVE MASER

helium temperature by using a large forepump in a closed cryogenic system has also been in-
cluded in the assembly. However, no provision has been made to measure the absolute value

of the bath temperature.

A closeup of the interaction region is presented in the disassembled views of Figure 11,
and the coupling of the signal power into and out of the structure is clearly shown. The outer
conductors of the coaxial lines are terminated at one side wall of the structure, while the center
conductors extend to the other side wall. These portions of the center conductors are flattened
out to the desired thickness and located in the plane of the ladder. Figure 11(b) shows the lo-

cation of the flattened portions relative to the ladder line.

The location of the ruby crystals is also shown in the above figures. Two slabs (each 2
inches long) of light ruby, which is the active material, are placed on each side of the ridge
of the bottom plate. These slabs extend all the way along the 4-inch ladder line and are lo-
cated so that they touch the fingers. The four slabs of dark ruby which provide the isolation
are similarly located in the top plate and do not touch the fingers but are very close to them.
In recent experiments, however, the dark ruby slabs have been replaced by light ruby, and a
slab of polycrystalline yttrium iron garnet was placed beside the ruby pieces in the top plate

to provide the necessary isolation.
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FIGURE 11, DISASSEMBLED TRAVELING-WAVE MASER. (a) The ladder line and the location of the
ruby crystals. (b) The ladder line in position and the top plate at the side,

Figure 11(b) shows the ladder line in place and the top plate. This top plate fits over the
ladder and is aftached to the bottom plate with screws. The K-band waveguide is connected to
the structure on one end and the pump power propagates through the structure in a ridged-

waveguide mode. The other end of the structure is terminated by an adjustable sliding short.

7
EXPERIMENTAL RESULTS

With the coupling scheme described in Section 6, standing-wave ratios of 1. 5-2, 0 were
obtained over quite a wide frequency range. The VSWR (voltage standing-wave ratio) was
found to vary quite abruptly over the passhand of the structure, but adequate matching was ob-
tained at the desired signal frequencies by adjusting both the thickness of the {lattened portion
of the center conductor and its relative position with respect to the ladder line. The appear-
ance of the passband was improved when an isolating material was incorporated into the struc-
ture. The isolating material suppresses the internal resonances in the structure. This is
illustrated in Figure 12, where Figure 12(a) is the transmitted power for zero magnetic field,
Figure 12(b) is for the magnetic field in the reverse direction, and Figure 12(c) is for the
magnetic field in the normal direction. The isolating material in this case was dark ruby and

pump power was applied.

The point on the energy level diagram employed in these experiments was the push-pull
point {References 9 and 10). This point occurs when the angle between the d-¢ magnetic field

and the ruby c-axis is approximately 55%. At this point of operation and for a pump {requency

16
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FIGURE 12, THE OUTPUT POWER

FROM THE STOW-WAVE STRUC~

TURE SHOWING THE EVFECT OF
THE DARK RUBY ISOLATOR

of approximately 24 kme, the corresponding signal frequency is around 9. 65 kme and the mag-

netic field is near 4.1 kilogauss,

The insertion loss in the neighborhood of the signal frequency is approximately 1113 db
at room temperature. At liquid helium temperatures this loss decreased to 8-9 db.  This loss
includes the input and output coaxial lines, which have an attenuation of approximately 0.4 db
per foot at room temperature. A total of approximately 7 feet of coaxial line was used. The
insertion loss can be made lower by using waveguides instead of coaxial cables to couple the
signal power into and out of the structure, hut this would make the maser assembly and dewar
quite bulky. A better way to improve the loss in the structure would be to improve the as-
sembly. Since the magnetic fields are strongest at the side walls where the top and bottom
plates are fastened together, a very good contact at these points will minimize the losses.

‘The screws alone might not provide a good contact.

When four slabs of dark ruby {(two slabs placed on each side of the ridge of the top plate
as shown in Figure 11(b) were employed for isolation, an absorption of 16-17 db was oblained
with the d-¢ magnetic field in the reverse direction, and an absorption of approximately 2 db

was ohtained with the field in the normal direction. These values of absorption were obtained
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at a bath temperature of 4.2CK, and the results are shown in Figure 12. Even though the dark
ruby material provides good isolation it was found difficult to align the c-axes of the several
ruby crystals in order to obtain amplification from the light ruby and absorption from the dark
ruby at the same value of magnetic field. The dark ruby also absorbs an appreciable amount

of pump power, which renders its application as the isolating material less attractive.

In recent experiments on the TWM, the dark ruby pieces in the top plate were replaced
by light ruby pieces. A slab of yttrium iron garnet, cut to the proper size for ferromagnetic
resonance and placed beside the light ruby pieces on one side of the ridge in the top plate, was
employed for isolation. A forepump was employed to pump the liquid helium in order to reduce
its temperature. It was observed that the electronic gain was 2. 5 times higher with the fore-
pump than without it. As mentioned previously the dewar design did not include a provision

for measuring the absolute value of the temperature.

A high degree of nonreciprocity was achieved by using the garnet slab. When the structure
was operated simply as an isolator the ratio of the absorption in the backward direction to that
in the forward direction was approximately 15. The addition of the garnet slab greatly improved

the passband of the structure.

When the maser was operated with no isolation, a high degree of regeneration and very
large amounts of regenerative gain and oscillations were observed. The bandwidth, on the
other hand, decreased sharply. When sufficient isolation was incorporated in the structure,
gross gains of 15 db over a bandwidth of 75 mc were obtained. The square-root gain bandwidth
was 420 mcs. This amount of gain was obtained, however, at two slightly different signal

frequencies by changing the d-c magnetic field while holding the pump frequency fixed.

Also, for a certain signal frequency, gross gains of approximately 15 db over a 75-mc
bandwidth were obtained at two slightly different values of d-c magnetic field and at two cor-
responding values of pump frequency. This is attributed to the misalignment of the c-axes of

the light ruby slabs. Figures 13 and 14 clearly illustrate the results mentioned above.

It can be deduced from the above results that if the c-axes of the ruby slabs were well
aligned, gross gains of approximately 30 db over a bandwidth of possibly 35-40 me could have
been obtained. This corresponds to a GI/ZB of greater than 1100. Attempts to align the c-axes

of the available ruby slébs have failed so far, but alignment is certainly possible.

In one of the experiments, the c-axes of the ruby slabs were close enough together to re-

sult in gross gains of approximately 13 db over 130 mc bandwidth (GI/ZB = 585). By slightly
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changing the magnetic field the gain was increased to 16 db over 70 mc. The total loss in the

structure, including the isolator, was approximately 8 db, which left a net gain of 5 db over

130 mc in one case and a net gain of 8 db over 70 mc in the other.

ure 15.

This is illustrated in Fig-

The amplification in the TWM can be tuned over a frequency range of 9.45 to 9.85 kmc

(400 mc) by adjusting the pump frequency and the magnetic field.

FIGURE 13. ELECTRONIC GAIN
IN THE TWM, CASE 1. (a) The
gain at a certain signal frequency
and at corresponding values of d-c

magnetic field and pump frequency.

(b) The gain at a slightly higher
signal frequency and at a slightly
different value of d-c magnetic
field but at the same pump
frequency.

FIGURE 14. ELECTRONIC GAIN IN THE
TWM, CASE 1. (a) The gain at a certain
signal frequency and at corresponding val-
ues of d-c magnetic field and pump fre-
quency. (b) The gain at the same signal
frequency but at slightly different values
of d-c magnetic field and pump frequency.
(c) The output of the TWM with zero pump
power but with the d-c magnetic field ad-
justed to resonance. (d) The output with
zero field applied.

FIGURE 15. ELECTRONIC
GAIN IN THE TWM, CASE 3.
(a) The output power with
zero d-c magnetic field. (b)
The output with d-c field ad-
justed to resonance and pump
power on. (c) The output at
a slightly different value of
magnetic field.
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8
CONCLUSIONS

It can be concluded that operation of a TWM at X-band utilizing a Karp-type slow-wave
GI/ZB = 1100) bandwidth can be ob-

tained at the push-pull point of operation. Even broader bandwidths can be achieved by stagger-

structure is feasible. Gross gains of 30 db over a 35-mc (

tuning either the magnetic field or the ruby crystals. The major difficulty has been the align-
ment of the c-axes of the several ruby slabs, a difficulty which can certainly be minimized

by a more careful procedure in cutting the pieces. The use of either dark ruby or polycrystal-
line yttrium iron garnet as the isolating material has been demonstrated and both were found

feasible.

Gross rather than net gain has been emphasized in the measurements because this gives a
better measure of the effectiveness of the slow-wave structure as a wave-slowing device. The

circuit losses can be improved by fabrication and assembly techniques.

The application of a Karp-type slow-wave structure as a TWM circuit can be easily extend-
ed into the millimeter wave range. In this range, a very small length of the structure would

be required to obtain adequate gain.
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