
IEEE TRANSACTIONS ON MICROWAVS THEORY AND TECHNIQUES, VOL. MTT-24, NO. 11, NOVEMBER 1976 711

somewhat less than that contributed by the atmosphere

and antenna system (N 100 K) and with a bandwidth as

large as a few megahertz allows something close to optimum

system performance obtainable from the earth’s surface.

A further criterion is important to an amplifier and

antenna system if it is to be used on an interferometer

involving two or more antennas, i.e., for techniques generally

known as long baseline inter ferometry, or aperture systhesis.

Such systems have yielded remarkably high angular resolu-

tion on a variety of astronomical objects, for which base-

lines as long as intercontinental distances are sometimes

used. To obtain accuracy in position rather than resolution

alone, an interferometer must have its two antennas con-

nected by a microwave line of fixed or determinable length,

so that the relative phase of the partial wave received in the

two or more antennas can be accurately known. Hence the

additional property of antenna–receiver systems for radio

astronomy, or of a sensitive amplifier used with such a

system, is the stability of the phase relation between its input

and output.

The large number of molecular resonances that have

recently been detected and measured with some precision

in the millimeter range have yielded much interesting

astronomical information. But, as may be expected, the

fruitfulness of this work uncovers further frontiers which

demand still more extended and exacting measurements.

For the moment, these demands for shorter wavelengths,

more sensitivity, more directionality, and relatively precise

measurements of power and frequency are probably greater

than is immediately needed for’ most other purposes. How-

ever, their development can be expected to be rewarding

both for astronomy and for other scientific experiments

which become practical as new possibilities are made

available. Perhaps somewhat later, but almost certainly

somewhere’ in the future, we may also expect from them

a variety of new technological and commercial applications.
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Abstract—A K-band ruby traveling-wave nmser (TWM) has been

developed, which has provided a deerease in system noise temperature
compared to other front ends presently used in radio telescopes at K-band
by an order of magnitude. The maser uses a new type of photoetched
slow-wave structure, integral with the ruby rod, especially suitable for
millimeter-wave masers. It” also employs a new type of built-in isolator

configuration, which guarantees stable net gain of typically 30 dB over
the tunable bandwidth, which is about 20 percent. Its phase stability, both

short and long term, is excellent, making it highly suitable for use on au
interferometer for radio astronomy.

I. INTRODUCTION

M ASERS have long been established as the lowest

noise microwave amplifiers known, with present

applications mainly in radio and radar astronomy as well

as space communication receiver systems [1], [2]. Al-
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though laboratory masers have been operated up to 100

GHz, masers have not been in general use above 15 GHz,

primarily because the limited applications of the higher

frequencies did not warrant the development costs involved

in adapting the laboratory maser versions for field use.

Only the excellent Arams and Peyton maser, at 8 mm, was

developed for this purpose [3], but was not intended fc)r

radio astronomy. More recently, a Russian ruby maser for

use in radio astronomy at 8 mm has been described [4] M

well as a Swedish design, which further developed the

Arams-Peyton concept [5].

The discovery of a large number of interstellar molecules,

most of which can be best detected at millimeter-wave

frequencies, has given a new urgency to the development

of low-noise millimeter-wave receivers for radio astronomy.

The frequency range of the ruby maser reported here was

chosen so as to incorporate the important inversion lines of

ammonia (at > 23.69 GHz) as well as the water vapor

line at 22.235 GHz. The maser has also been used to observe
or search for a large number of other molecules. The system

noise temperature in a radio telescope using the maser is

primarily determined by waveguide loss in the waveguick

connecting the maser to the feed, and atmospheric thermal
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Fig. 1. Energy levels of ruby at the push-pull point (0 = 54.70).

noise. Single-sideband (SSB) system noise temperatures as

low as 80 K have been obtained. The ruby maser described

here uses a new type of comb structure and new isolator

configuration to achieve 30-dB net gain over a tunable

frequency range of about 20 percent.

II. ACTIVE MATERIAL

Although most earlier (laboratory) millimeter-wave

masers have made use of rutile (with Cr3 + and Fe3 ‘), the

present design uses ruby (Cr3 + in A1203) because ruby has

some significant advantages over rutile. For instance, the

quality of Czochralski-grown ruby presently available is

superior to and more reproducible than the quality of com-
mercial rutile. The lower dielectric constant (8 II = 11,

El, = 9) compared with rutile also facilitates the microwave

design problem.

Maser design data for ruby were readily available at

X-band frequencies [6]–[8] and indicated that the optimum

operating point is the so-called push–pull point, for which

the externally applied dc magnetic field makes an angle of

54.7° with the c axis. The four ground-state energy levels

of the Cr3 + ion in ruby are symmetric with respect to their

“center of gravit y“ at this orientation of the magnetic field,

as shown in Fig. 1. Thus it is possible to pump transitions

1-3 and 2-4 simultaneously while inverting transition 2-3.

The pump frequency required is considerably lower than

what would otherwise have to be used—an important con-

sideration since millimeter-wave pump sources increase

rapidly in price and decrease in life time as the frequency

goes up. A signal frequency of 22 GHz, for example, re-

quires a pump frequency of 47 GHz (Fig. 2). A slight

disadvantage of the push-pull operation is that the orienta-

tion of the magnetic field is quite critical—it has to be held

within O.1–0.2° for optimum gain.
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Fig. 2. Pump frequency for the maser as a function of the signal
frequency.

The electronic gain may be estimated from the expression

[8]

Gel = –27.3S ~ q~” dB (1)
A.

where

S = slowing factor = (c/og) (o~ is the group velocity of

the wave);

L active length of the maser;

& free-space wavelength;

~ filling factor;

x“ imaginary part of the RF magnetic susceptibility y at

the signal transition frequency.

Z“ is given by

(2)

where the constant A has the value

A - 1.30 10-18m3 “S-l (3)

and

1 = inversion ratio =
(An.) with pump .

(%). without pump ‘

(An, =

N=

Afl =

nz – n3 is the fractional population difference for

the signal transition);

number of spins per cubic meter;

linewidth in hertz (assuming the line shape to be

Loren:zian);

the square of the magnetic dipole matrix element

(normalized so that lo&X = 2 for an S = 3/2

system and circularly polarized RF fields) averaged

over the microwave field distribution.
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Fig. 3. Photograph of the maser base showing the ruby rod in the
pump waveguide. Note that the isolator has been removed so that
the slow-wave structure is clearly visible on the ruby.

Although q also depends on the material, i.e., the component

of the matrix element which responds to the particular

polarization of the field involved, x“ incorporates the most

important active material parameters. We may, in general,

wish” to maximize either ~“ or X“ “ A~l. The first choice will

maximize the gain, while the second choice will essentially

maximize the gain-bandwidth product (stagger tuning of

the magnetic field would then be used to increase the band-

width). In the present case, the bandwidth was adequate for

spectral line work without stagger tuning of the magnetic

field, and consequently it was sufficient to maximize z“.

An inversion ratio of Z = – 2 was estimated by extra-

polation of data taken at lower frequencies [7], and the

measured value of – 1.8 agrees quite well with the estimate.

Further,’ N = 20 1025m-3 for pink ruby, (An,) = 0.107

at 2 K, ~ = ‘1,6, and Afl = 60 MHz so we find k“ =

– 0.13. This value can now be used to estimate the required

product of S *L” q for a given electronic gain. It will be

seen later that S = 25 and q = 0.2 (a conservative estimate),

so a length of ruby of the order 2–3 cm should provide

sufficient gain, A similar estimate for Fe 3‘-Ti02 [5] results

in x“ x – 0.05, if A~~ = 200 MHz is assumed. Thus this

material yields somewhat smaller gain per unit length than

ruby. However, the gain-bandwidth products, which are

proportional to X“ “ AJ~, should be very similar for the two

materials.

In order to estimate the amount of pump power required

to saturate the pump transitions, we first calculate the power

that must be supplied in order to just barely break even with

spin-lattice relaxation, given a certain number of spins and

a spin-lattice relaxation time estimated to be of the order of

20 ms [9]. This power is about 3 mW. To provide enough

margin for thorough saturation, about 50-100 mW should

be adequate. The placement of the ruby in the pump wave-

guide is shown in Fig. 3, Using (2) and a geometric filling
factor qP, we can estimate the magnetic Q value for the

pump

Qm, . --!- % 5000.
~p “ x;

(4)

The pump field is assumed to be perpendicular to the mag-

netic field (in the x direction), which gives the matrix element

Iapxl’ = 0.07 (5)

which was used to arrive at (4). Under these conditions, only

1 percent of the pump power would be absorbed in a single

passage of a 2-cm-long ruby rod, placed in a standard pump

waveguide.

By reflecting the pump wave at the end of the ruby, we

can increase the absorption of the pump wave, but it is still

clear that pump saturation may be difficult to achieve. The

primary reason for this is the very low transition probability.

The latter is a general property ,of any Am. > 1 transition

in an S = 3/2 system for magnetic fields such that g~H >

2D; this property tends to limit the highest frequency up

to which a certain maser material may be used. Here 2D is

the zero-field splitting of the ground-state doublet, g is the

effective g factor, and ~ is the Bohr magneton. For ruby this

limit occurs at about 40-50 GHz. In the present maser, the

pump saturation is sufficiently good so that the gain is

acceptably stable, but the gain stability could still be im-

proved somewhat, and further work is in progress in this

direction.

III. SLOW-WAVE STRUCTURE

A new type of periodic slow-wave structure has been

developed, which is particularly suitable for millimeter..

wave traveling-wave masers (TWM’S), since it depends on

integrated circuit techniques for meeting the high require..

ments on precision in fabricating the small circuit. The ruby

rod is cut and lapped to correct dimensions, whereupon a

200-~-thick layer of chromium is evaporated on three sides

of the rod, immediately followed by about 0.5 pm of

evaporated copper. One of the sides is evaporated through

a mask to form a comb structure. The adhesion of the filml

is improved by a heat treatment in a hydrogen atmosphere,

The thickness of the copper film is increased to 2.5 ~m by

electroplating;

Earlier work by Loriou and Jaouen [10] had utilizedl

photoetching in the fabrication of the comb structure for a.

4-GHz TWM. Their design requires assembling two ruby

rods, one with a comb, and another one with metallization

on three sides but no comb, into a symmetric package

resembling the comb structure of DeGrasse et al, [11],

extensively used in centimeter-wave ruby TWM’S. Although

high slowing can be obtained, the assembly of such a strut-

ture for a millimeter-wave maser would be quite difficult,,

Instead, we have developed an asymmetric structure which

can be made in the manner just described (for similar rea.,

sons, asymmetric microstrips are preferred in microwave

integrated circuits to symmetric itriplines). The new strut..

ture was developed by the use of models operating at about’

600 and 4600 MHz, respectively, using Stycast and alumina

dielectrics (both with e, = 10) to simulate the dielectric

constant of ruby. The 600-MHz model used copper tape

for the comb, while the 4600-MHz comb was evaporated

and photoetched. We investigated both symmetric and.

asymmetric structures to compare their advantages. The

dimensions of a structure are defined in Fig. 4.
The dispersion curves of the models were obtained by

observing the resonances due to reflections at each end,

and the slowing factors were then calculated as a function of

frequency. Suitable coupling elements were developed

empirically. The bandwidth of the structure determines the
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Fig. 4. Basic dimensions of the slow-wave structure.

IZED

tunable bandwidth of the maser and for practical purposes

we may define this tunable bandwidth (A~) as the difference

between the frequencies for which S =2” S~in.

It was first established that the minimum slowing factor

and the bandwidth are essentially independent of the pitch:

In two 4600-MHz symmetric structures, the slowing re-
mained the same while the bandwidth increased slightly

from about 20 to 22 percent, when the pitch (P/L in Fig. 4)

was decreased by a factor of 2. The ratio P/L went from

0.85 to 0.43 (L is the length of a strip). In all later structures,

P/L was in the range 0.33-0.42. Similarly, changing the

relative strip widths and their spacings had no major

effect. The parameter hi/L, i.e., the normalized thickness

of the dielectric, is largely the one which controls the

properties of both symmetric and asymmetric structures.

As can be seen from Fig. 5, the slowing factor rises very

rapidly with decreasing thickness, particularly for the

symmetric structure. The data for the latter are consistent

with those of Loriou and Jauoen [10]. Two variations of the

asymmetric structure were investigated, one with a strip

length equal to the width of the dielectric and another

where the strips do not reach the edge of the dielectric. The

former configuration yields S~i~ = 25 at hi/L =” 0.36, with

a relative bandwidth of 26 percent, while the latter structure

has S~i. = 14 and Af/fO = 41 percent (fO is the center

frequency). The structure with strips reaching the edge was

chosen because it is easier to fab~icate and yields the

estimated slowing-factor requirement. For future develop-

ment, one should note that the very large bandwidth of

41 percent for the second type of asymmetric structure is

very attractive, since it is conceivable in an optimized

maser to obtain sufficient gain even with S = 14.

The usable relative bandwidths of the structures are also

compared in Fig. 5. It can be seen that the symmetric

structure pays for its higher slowing capability (at low
hi/L) with a narrower bandwidth., The bandwidth of the

asymmetric model is typically twice that of the symmetric

one and has a somewhat weaker dependence on hJL.

van Dijk etal,, [12] have calculated the dispersion curves

and filling factors of our type of structure by approximating

the comb with a, sheath conducting in the direction of the

strips but not perpendicular thereto. This approximation

should describe the behavior well for slow-wave wavelengths
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Fig. 5. Slowing factor (S, full curves) and relative bandwidth (Af/fo,

broken curves) as a function of h,/L for three different types of
structures.

long compared to the pitch. In agreement with our data,

they find that the slowing increases with decreasing hi/L

If the approximation is valid, one further expects S to be

independent of P, as observed. The structure bandwidth is

predicted by van Dijk et al. [12] to be independent of

hi/L. In our data, Af does depend on hi/L, but Af is not

likely to be as well predicted by the theory, since wave:

length and pitch become comparable in the upper portion

of the passband. A major advantage of the new slow-wave

structure is the large volume filling factor, which is predicted

to be 1 at lower cutoff, smoothly decreasing to l/~! at upper

cutoff.

We also investigated the polarization of the fields above

the structure, both by a small loop probe and by incorporat-

ing YIG in the 4600-MHz structure and then measuring the

resonant loss in a magnetic field. The best circular polariza-
tion is obtained at the top of an alumina rod, with a width

of about 40 percent of the width of the ruby, placed near

the shorted end of the strips. The additional dielectric

loading increases S by about 10 percent, while sh;fting the

passband downward in frequency by a somewhat smaller

percentage. In a later section, we will discuss how the isolator

was incorporated in the alumina rod.

The best coupling to the asymmetric structure was ob-

tained by using a coupling strip of the same width and

separation as used in the comb, and shorting the far end

of the coupling strip to the ground plane. Alternatively, one

may couple the structure from the open end, using a cou-

pling strip of the same dimensions, which ends in an open
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circuit. The coupling was developed using standard 50-f2

cables in the 600-MHz model, while a“ semirigid coax of

outer diameter O.114 cm was used at K band. The ripple

in the transmission curve of a typical K-band unit was

about 2 dB.

Finally, we show the measured slowing curve versus

frequency for the 600-MHz model and the actual scaled

ruby comb structure at K band ,(Fig. 6). In order to obtain

the latter curve, we measured the phase shift through

the K-band structure by an interference method in which the

input power was split in two paths, one incorporating the

comb, the other an attenuator, and then recombining and

detecting the sum of the two waves. The dispersion curve

was then derived from the observed interference pattern, a

method often used for structures with appreciable attenua-

tion. Since the theory neglects any fringe fields, it is reason-

able to shift the calculated dispersion curve to the same

lower cutoff frequency as the measured one. It then agrees

very well with the measured frequency-scaled dispersion

curve for the 600-MHz model. The measured slowing of

the K-band ruby structure, shown in the same figure, also

agrees well except in the region near upper cutoff, where it

rises more steeply. In this frequency range, the dispersion

curve is expected to be very sensitive to any small difference

between the model and the actual K-band structure, such

as the anisotropic dielectric constant of ruby. The actual

usable bandwidth is somewhat smaller than predicted by

the model (21 versus 23 percent), but overall the agreement

is completely satisfactory and shows the usefulness of the

method of design by frequency scaling.

The type of structure we have investigated should also be

useful for filter applications in microstrip integrated circuits.
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We found that it is easy to couple to a 50-fl microstrip as

well as to the coax we usually used in the maser structures.

Filters would be made most easily with 1/2 long strips, for

which no shorting plane would be needed.

IV. ISOLATOR

The ferrite isolator is designed in such a way that the loop

gain for a wave reflected between the two ends of the slow-

wave structure is much less than one for all frequencies,

resulting in a stable nonregenerative amplifier [8]. Since

the maser gain in the reverse direction is about one-half

(in decibels) of the gain in the forward direction, the isolator

needs to provide a reverse attenuation which is typically

greater than the net gain in the forward direction. As in

other TWM’S, the isolator consists of a bar of ferromagnetic

material, placed in a position where the slow-wave structure

produces circularly polarized microwave magnetic fields ctf

opposite sense for the two possible directions of propagation

along the structure.

We first investigated a rather special ferrite, aluminum-

doped nickel ferrite (Transtech TT2-I 13). The aluminum

doping in this material is such that the two magnetic sub-

lattices have just passed the compensation point (at which

they are equal). The resulting resonance exhibits an effective

g value which is less than 2 [13]. We tried several different

shapes of this material, and the resonance frequency versus

magnetic-field curves are compared with the corresponding

curve for the push–pull point in ruby in Fig. 7. The shapes

are characterized by the aspect ratios defined in this figure.

Satisfactory tracking of the ruby and ferrite curves was
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obtained for the largest aspect ratio (30: 1), but unfor-

tunately this ferrite was so thin that the reverse attenuation

was much too small to be useful. We nevertheless review

these data here since this, material in sufficient thickness

would track, the ruby push-pull point at around- 15 GHz

and thus may be ‘useful in designing a ruby TWM at that

frequency. As far as we know, this is the first “time that

ferrites with g value not close to 2 have been investigated

for use in masers. The effective g value for TT2-113 was

found to be 1.6 (at liquid helium temperature).

A bar of roughly square cross section of any ferrite with

g.ff = 2 also tracks the ruby line, as shown in, Fig. 7. The
square shape caused considerably more distortion of the

dc field in the ruby than the flat bars ofTT2-113 described

previously. For example, a bar of YIG of sufficient size to

give the required reverse attenuation produced broadening

of the ruby line from its natural Iinewjdth of 23 G to 50-100

G, decreasing the gain by the same factor. The solution

found for this problem was to add a second bar of TT2-I 13,

parallel to and at some distance fro,m the YIG. The cross

section of the second bar was chosen to match the magnet-

ization of the YIG. Since TT2;113 has a lower effective

g value than YIG, it has its resonance at a much higher

field, and does not have a perturbing influence on the

resonance of the YIG. An isolator rod in this configuration

did not perturb the ruby linewidth noticeably. Typical

values of reverse attenuation are 50–70 dB, with forward

attenuation of about 2 dB. Tlius the maser is unconditionally

stable.

V. SUPERCONDUCTING MAGNET

The superconductilig magnet design was developed from

that of Hentley [14]. The magnet winding is closed at the

bottom, while at the top it $ separated into two halves to

allow, insertion of the maser. The cross section of the

magnet is similar to that of Hentley, with an air gap along

the field of 2 cm and a width of about 1 cm. Since the ruby

rod has a ,very small cross section, the, crucial homogeneity

is along the axis of the magnet. This was measured with a

magn,etoresistive element. A typical field required for

operation of the maser is 8–10 kG,. and at this level the

magnetic field changes by less than 10 G over a length of

5 cm. Since the intrinsic ruby linewidth is 23 G, the in-

homogeneous broadening due to the magnet should be

negligible for ruby rods up to 5 cm long. The current required

is less than 10 A, and a conventional persistant mode

switch is used to obtain a stable magnetic field after it has

been adjusted for maximum maser gain.

VI. MICROWAVE CIRCUITRY

The ruby rod with its evaporated slow-wave structure is

soldered to the bottom of the pump waveguide, which is

milled from a piece of gold-plated molybdenum, chosen

so as to match the thermal contraction of ruby from room

temperature to liquid helium temperature. A typical pump

source is a Yarian reflex klystron with an output of 100 mW

over a 6-GHz tunable range, corresponding to a K-band

signal bandwidth of 3 GHz. Two pump klystrons are thus

Fig. S. Photograph of the completed maser.

TABLE I
MASER CHARACTERISTICS

4* K 1.5~K
Length Passb.and Passive Gain W PumD Gain BW Pump

Loss Powe,
(..) (Gllz) (dLl)

PoweP
(dB) (MHZ) (.W) (dB) (M}lz) (ml)

2 23.8 t. 26.5 8 15 40 200 30-40 30-40 50

3 18,0 to 24.2 6-10 23 30 100 30-40 30-50 30

4 21.9 to 26.0 20 25 25 100

reqtiired to cover the tunable band of the maser. Typical

gain increases of 3 dB were obtained when the klystron

frequency was square-wave modulated at about 50 kHz.

No special effm-t has been made to improve the coupling

of pump ~ower into the ruby, aside from tapering that end

of the ruby rod which faces the incoming pump wave. The

pump waveguide is terminated by a fixed short which reflects

the pump wave back past” the ruby (see Fig. 3). Copper-

plate stainless-steel waveguides are used for the input and

output of the maser as well as the pump. At the maser base,

the input and output waveguides make a transition to

miniature coaxial cables. The center conductors of the

cables are soldered to the comb coupling strips, while the

outer conductors fit though a hole in the pump waveguide

wall, to which they are joined by soldering. Low-pass filters

in .thp signal waveguides prevent the pump from leaking into

either the antenna feed or the mixer receiver which follows

the maser. This precaution eliminates a potential cause of

gain variations.

The ruby base is finally located with respect to the magnet

by means of a“low-temperature bearing arrangement, which

allows orientation of the ruby to the push-pull angle. The

photograph in Fig. 8 shows the completed maser amplifier,

including superconducting magnet, pump and control

circuitry, and the dewar.

VII. PERFORMANCE

Ruby lengths of 2, 3, and 4 cm were tested. All three

produced working devices, the characteristics of which are

shown in Table I. Variations in the input–output coupling

to the ruby produced the differences in insertion loss. The

longest (4 cm) ruby produced poor results. This was

attributed to the last section of ruby which did not become
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inverted, resulting in loss instead of gain. This is further

evident from reversing the input and output terminals so

that the input is now further from the pump signal. The

input noise temperature of the device then increased sharply

to over 150 K. The optimal length is therefore empirically

determined to be about 3 cm since this allows sutlicient

gain at 4.2 K and renders vacuum pumping on the helium

unnecessary.

The bandwidth of the device can be increased further by

staggering the magnetic field and increasing the pump

power at 1.5 K operation. A factor of 2 increase in band-

width is easily achieved with a magnetic-field inhomogeneity

of about 10 G and a 50-percent increase in pump power.

At the pump power levels required for 1.5 K operation,

presently available solid-state devices have been used in the

laboratory. These will greatly simplify field operation.

The phase stability of one maser was tested by monitoring

the phase at the maser output, with the maser tuned up to

high gain at a given frequency. Short-term (-0. l-s) phase

fluctuations were less than 0.2°, and the long-term drift was

measured to be 90/h, mostly from pump klystron power

supply drift. Since integration times in radio astronomy

interferometry are typically of the order of minutes, the

phase stability of the maser is more than adequate for this

type of work, which will be one of the most interesting

applications of this type of low-noise receiver in the future.

We have fieldtested versions of the maser design described

here in two single-dish applications, in particular in the

University of California, Berkeley, 20-ft millimeter-wave
telescope at Hat Creek, CA, and in the Naval Research

Laboratory 85-ft dish at Maryland Point, MD. A similar

maser has also been assembled and tested by two of us

(Yngvesson and Cardiasmenos) in cooperation with person-

nel at the NEROC Haystack Observatory and successfully

operated in the Haystack 120-ft telescope [15]. SSB system

noise temperatures as low as 80 K have been obtained in

these installations. As a comparison, a typical uncooled

parametric amplifier yields a SSB system noise temperature

almost an order of magnitude greater [16], while a recent

cooled parametric amplifier has provided a system noise
temperature about twice that of the present maser [17]. In

comparing the system noise temperatures, one should

remember than the observing time required to achieve a

given signal-to-noise ratio is proportional to the square of

the system noise temperature. Thus a reduction in noise

temperature by a factor of 2 saves a factor of 4 in observing

time.
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