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Summary—The aim of this survey is to discuss the basic prob-

lems encountered in the general areas of generation, transmission,

and detection of millimeter waves. Representative examples of work

in these three areas since 1959 are reviewed with respect to the

methods and techniques employed to circumvent present limitations

and extend the frontier into the submillimeter range.

Subject classifications include classical and quantum electronics,

harmonic generation optical frequency pumping and mixing, wave-

guide and optical transmission systems, resonators, and detectors.

At the end of each section, a few critical evaluation remarks are made

on the work in progress and the prospects of success in the near

future.

A fairly comprehensive list of some 157 references dating from

1959 is listed by year and subject title. While substantial progress

has been made, especially in technology, in the last few years, the

submillimeter wave problem appears as formidable as ever and no

breakthrough idea has yet been recognized.

1. INTRODUCTION

s

UBM ILL I METER wave research, while appear-

ing to be a rather specialized area, has one of the

broadest technical bases that can be imagined for a

problem of scientific and practical interests. Almost

every phenomenon in physics has been examined for

possible application to the problem of generating, trans-

mitting, and detecting coherent ultramicrowave energy.

Subject areas include: classical electronics, quantum

electronics, semiconductors, solid state, ferrites, ferro-

electrics, field emission, tunneling, superconductors,

physical optics, electromagnetic theory, acoustics,

relativistic physics, nonlinear phenotnena, plasmas, and

spectroscopy. This horizontal aspect of the work is both

a challenge and a frustration for the ultramicrowave

engineer who must be a jack-of-all-trades applied

ph>-sicist.

Organized submillimeter wave conferences [1]- [5 ] go

back at least 12 years. Since 1951, they have been held

on the average of every two years, the last U. S. con-

ference being the 1959 symposia at NIRI [4] in New

York. Millimeter wave survey papers [6]–[21] have

recently been appearing at the rate c)f six a year, so fre-

quently in fact that one often wonders if the subject

might not get overexposed.

It has often been said that the task of the scientists

is to ask the right questions. The interesting thing about

the submillirneter wave problem is that enornlous num-

bers of questions have been presentec~ at the conferences
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and in the survey papers, but the items that are still

missing are the answers and the submillimeter waves.

Unfortunately, this survey will not appreciably alter this

situation.

The aim of this survey is to discuss the basic problems

encountered in the general areas of generation, trans-

mission, and detection of millimeter and submillimeter

waves. Representative examples of research work since

19.59, indicating directions in which ultramicrowave

research appears to be developing, are briefly reviewed

along with the problems encountered.

No matter what the approach taken to the ultra-

microwave area, the same basic problems and limita-

tions always seem to appear. One objective 0[ this

paper will be to try to identify them and point out the

forms they take as the attack is varied.

The history of a research field seems to follow the

pattern of first a big flurry of ideas followed by a longer

period of exploring, developing, and evaluating the

suggestions. While several new ideas in the ultrarnicro-

wave area have appeared in the last four years, the

major effort has been in applying new technology to

previously suggested ideas. This effort has yieldedl sub-

stantial progress, but as yet, no breakthrough on the

problem.

II. CLASSICAL ELECTRONICS

.1. Gene~al Considerations

The problems of extending classical electronics de-

vices into the submillirneter range are well-known and

have been discussed in many papers. Since there is a

scarcity of radiation, it is obvious that the answers to

the problems are the things that are unknown.

Now the engineer in developing a device draws on 1wo

areas: 1) physical laws and principles, and 2) technology

and art. Usually the state of the art limits the achieve-

ment at any given time. As new techniques are devised,

old principles and ideas often again become practical to

extend the frontier.

The question that can be asked is: Is classical elec-

tronics nearing the end of its theoretical frequency

limit rope and will new technology not appreciably

extend electronic devices further in frequency? It is not

expected that the output of devices will fall off abruptly

but that the power output will decrease tclward zero as

the frequency is increased.

All classical electronics is based on the Lorentz force

law, expressing the force F acting on a charge q having a
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velocity v in an electromagnetic field E and B,

F==qE+qv XB. (1)

The number of basic ways the kinetic and/or potential

energy of the unbound charge q can be converted into

electromagnetic energy is rather few. They may be dis-

tinguished by considering the type of E field that is

exerting a force on the charge. In Fig. 1, four basic

types of interaction are illustrated.

In the tube devices category, the field E is the field

produced by charges other than g in the system. For

Cerenkov and transition radiation devices, the charge q

in cooperation with the material boundaries set l~p a

field E to oppose its motion. In acceleration devices, the

charge g produced its own self-field, as a result of its

accelerated motion.

The overwhelming effort in classical electronics has

been and still is on tube type devices [25], [39], [45].

Many theoretical papers have been written on the last

three types of interaction, but relatively little experi-

mental work has been done and the principles certainly

have not been reduced to practice.

In the last four years, progress on tube devices has

been substantial but it has been mainly technological

progress in the areas of improved electron guns with

higher convergence ratios and corresponding current

densities, improved fabrication techniques for circuits

with greater heat dissipation capabilities and, perhaps

most important of all, more customers demanding

tubes.

While it was recognized four years ago that, in a

traveling-wave device, one could have either a smooth

beam and a slow wave periodic circuit or a periodic beam

and a smooth fast wave circuit, experimental work on

this problem in the form of the Ubit~on [26] and Cyclo-

tron Resonance Amplifier [22 ], [24], [38] has been a

new development.

In the last four years, more experimental work on the

Cerenkov [27], [34], [36], [37], [43] problem to reduce

these principles to practice has been performed than at

any previous time. It has now been demonstrated that

the Cerenkov interaction, which is also a traveling-wave

interaction, can be as strong as that in conventional

tubes.

The Tornadotron [111], conceived as an acceleration

radiation device, has successfully produced signals over

100 Gc but at discrete frequencies indicating electron

beam interaction with a resonator mode.

One coherent transition radiation experiment [35 ],

the annihilation of a prebunched beam by a metal

plate, has been reported. The interaction for this geom-

etry is rather weak but other geometries, such as thin

dielectric films, hold promise for greatly increased power

outputs.

An alternative to a slow wave circuit obtained by a

periodic loaded metal guide is a plasma waveguide. A
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Fig. l—Classical electronics methods of producing coherent radiation.

plasma in a dc magnetic field is a very dispersive

medium having two characteristic frequencies, the

plasma and cyclotron frequencies (WP and o+), which can

readily be varied.

WThile this beam-plasma work goes back many years,

the present research as resulted in better technology in

plasma production and, consequently, much better

agreement between theory and experiment. However, to

extend this endeavor into the submillimeter region re-

quires solving the familiar problems of making tiP

and,/or u. sufficiently large.

As a general summary on classical electronics, it ap-

pears safe to state that the progress in the past few

years has been mainly improved technology and the re-

duction to practice of ideas that were suggested pre-

viously.

B. .lfillirnete~ Wave Tubes

Approximately 20 companies [17], [21] are now pro-

ducing the order of 120 electron tubes in the frequency

range 30–450 Gc. Klystrons are most numerous in the

lower part of this range, while in the submillimeter

region only O-type BWO’S are available. A partial list

of commercially made millimeter wave tubes is shown

in Fig. 2.

An excellent review paper in 1960 by Karp [29] on

millimeter wave tubes is still applicable since, without

exception, all of the present-day tubes are scaled ver-

sions of lower frequency tubes. It is not evident that

any new principles of electron beam-RF interaction

have been found which are more suited to ultramicro-

wave generation. Practical tubes all operate on the

principles of microwave types.

In Fig 3 are shown the four basic types of slow wave

circuits used in millimeter wave tubes. All the tubes re-

quire an electron beam of a diameter small compared to

the wavelength, usually magnetic focusing of the beam,

and precise alignment of gun and interaction structure.

An example of a low millimeter wave helix tube [23]

is the one described by McDowell and Danielson [30].
By glazing the helix to a single wedge dielectric rod

(sapphire, beryllium oxide) the helix temperature could

be reduced by a factor of 10 or more for a heating of 3

watts/inch over that by direct radiation. Even so, heat-

ing caused the power output to fade from 1 watt to 0.5

watts as the RF dissipation increased, pointing out again
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Fig. 3—Basic types of circuits used in millimeter wave tubes.

the problems of attenuation as the Frequency limits of

tubes are raised.

An example of the vane line structure in low milli-

meter and submillimeter tubes is the CSF type O-

Carcinotron which has produced the shortest wave-

length (xO. 7 millimeter) yet achieved. These vane-

type slow wave structures are capable of withstanding

hundreds of watts of power without undue damage.

One of the earliest examples of the ladder [31], [32]

slow wave structure was the 100–200 Gc BWO made by

Karp [29] in 1957. More recently, by incorporating a

ladder structure in a cavity, narrow-band Laddertron

power oscillators have become commercially available.

Modified Easitron circuit amplifiers yielding 20 watts

output power in the 5–6 millimeter range have been

reported by Forster [44].

C. Millimeter Wave Technology

Two factors which are contributing the most to the

extension of conventional electron tubes to higher fre-

quencies are: 1) circuit fabrication techniques, and 2)

advances in electron gun design an~d beam focusing.

Fig. 4 lists the techniques used, along with an expres-

sion derived by Ash [47], for the maximum current

density j~ that can be obtained by a convergent,

magnetically focused beam.

A. FabriCatiOn TECHNIQUES

1. PRECISION MILLING 6. SONIC CUTTING
2. HUBBING 7. SPARK ERos1ON
3, LAMINATIONS S. ELEcTRON 8EAM CUTTING
4. PHOTO-ETCHING 9. MASER BEAM CUTTING
5. PHoTO-0EP051T10N

B. ELECTRON GUN DESIGN
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Fig. 4—Millimeter wave technology.
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Fig. 5—Periodic beam—smooth fast wave structure.

Increased application of the last three techniques

(spark, electron, and maser beam) are anticipated in

future work. Beam current densities presently used in

millimeter wave tubes may exceed 100 a/cmz, although

the WJ 1OO-GC experimental tube [46] has a gun capable

of 1000 a/cmz. The theoretical limit, as seen from Ash’s

formula for practical numbers, can even exceed 1000

a/cm2. As improved guns are developed, the frequency

limits of present tubes should be extendedl correspond-

ingly.

D. Past Wave Interaction Tubes

The idea of undulating a beam by a pericdic magnetic

field goes back at least to 1949. Also the concept of the

equivalence of waveguide and electron periodicity is on

the order of 4–5 years old. Interaction is possible be-

tween either: 1) a smooth beam and a periodic wave-

guide wherein the phase velocity is less than the velocity

of light C, or 2) in a smooth waveguide having a phase

velocity greater than C and a periodic beam.

Theoretical analysis of schemes applying this “fast

wave’1 idea [24], [26], [38] started around 1959, but

successful experimental verification came several years

later in the form of the Ubitron and Cyclotron Reso-

nance BWO shown schematically in Fig. 5.
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The Ubitron [26] achieves its undulating beam by the

use of a periodic magnetic field structure, while the

Cyclotron Resonance device [24 ] relies on rotating the

beam at the cyclotron frequency in a longitudinal mag-

netic field.

The advantages of the Ubitron are: 1) its large beam

tunnel, and 2) its low loss TEOI mode circular waveguide

interaction structure. On the other hand, a periodic

circuit fabrication problem exists in the form of the

periodic magnetic field configuration required to undulate

the beam. Some compromise can be made by operating

the tube at high voltage, but then the beam gets stiffer

or more difficult to bunch and gain falls off. At the

moment it appears that the Ubitron is capable of the

highest pulse power at the highest frequency of any

electron tube.

The advantage of the Cyclotron Resonance BWO is

the simplicity of its structural form. Its high magnetic

field requirements represent a practical problem which

would be acceptable if the tube could be extended be-

yond 300 Gc.

Unfortunately, at high power levels, as pointed out by

Dickson et al. [38], helical bunching can fail to occur be-

cause the transverse electric field can complete the

energy exchange before the transverse magnetic fields

can accomplish any bunching. Other problems with this

type of device are: 1) securing sufficient ratio of trans-

verse to longitudinal energy in the beam, and 2) possible

bunching difficulties because the beam does not rotate

as a whole but as individual electrons spiraling around a

magnetic line of force with a radius R much smaller than

the wavelength h.

It has been known for a long time that fast wave in-

teraction with a swept electron beam can occur, al-

though this old idea has yet to be reduced to practice.

While an individual charge cannot move with velocity

greater than C, a swept beam, such as that in an oscillo-

scope, can have sweep speeds or virtual velocities far

greater than C. One of the first experiments of this type

was the Rotatron shown in Fig. 6(a).

A circularly swept, unbunched, electron beam is

passed through a slot in a fast wave structure made in a

circular geometry. Coherent interaction is achieved by

making the sweep speed of the beam coincide with the

phase velocity of the wave in the structure.

It will be observed that the beam in this device is not

bunched in the usual sense, although the number of

electrons passing through a given point in the structure

is varying periodically.

A second example of a coherent effect from a seem-

ingly unbunched beam is the example of a beam in the

form of a “sine wave” as illustrated in Fig. 6(b). The

harmonic current collected by the metal plate will be

a function of the angle 0. For 0 = 90°, there is no har-

monic current, while for O= a, the shortest harmonic

current wavelength will be h min&(D/~) sin a, where f?

is the velocity ratio v/C and D is the beam diameter.

Thus, in principle, the shortest wavelength of RF that
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Fig. 7—Beam excitation of a Fabry-Perot resonator.

could be generated is determined by how small the

diameter of the beam can be made.

E. Qztasi-Optical Electronics

Most microwave tubes operate in the dominant or

lowest order mode of the guide system or resonator. This

restriction obviously imposes problems of small phys-

ical dimensions in fabricating the structure as the wave-

length of interest decreases.

As the modes of a resonator are increased, the waves

become more like plane waves with phase velocity ap-

proaching C’. One problem then in attempting to excite

an optical resonator, for example a Fabry-Perot system,

with a prebunched beam, is to arrange to have cob erent

interaction with essentially a plane wave,

This coherent interaction can be achieved if the beam

of velocity VP interacts with a plane wave of phase

velocity v~ in an appropriate dielectric medium so that

the synchronism condition

V$l COS O = Vp

can be realized. Here 6 is the angle between the beam

and the wave normal.

An application of this idea [33] is shown in Fig. 7,

where a prebunched beam passes diagonally through a

dielectric-filled Fabry-Perot resonator. A grating and
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dielectric lens are used to couple the radiation out one

end of the system.

The power output of this device varies inversely as

the loss tangent of the dielectric. While problems of

resonator size are solved very neatly by this device,

there is the eternal problem of a small beam tunnel

through the material.

F. Cerenkov Radiation

A characteristic feature of past work on the Cerenkov

effect is that it is almost all theoretical [36] with a

restricted amount of numerical analysis and very little

experimental effort. This situation has undoubtedly

contributed to the belief that the Cerenkov interaction

is weak, and hence, an efficient, practical realization of

a Cerenkov device would not be found.

At the lkIRI Millimeter Wave symposia in 1959,

Coleman predicted that an effective Cerenkov scheme

would be found in the near future. In Sept., 1960, the

first experimental results [27 ] in a 35-Gc Cerenkov

radiator driven by a 0.042-ampere beam gave output

powers approaching the watt level, some 70 db more

than had been achieved previously. These experiments

were done with an isotropic, nondispersive, dielectric

radiator.

Further gains [37 ], [43] in output power and effi-

ciency could be made by using highly dispersive, ani-

stropic media and depressed electron collector schemes.

lUedia with characteristic frequencies could be expected

to interact more strongly with an electron beam when a

harmonic current frequency of the beam coincided with

that of the medium.

Fig. 8 illustrates the efficiency considerations of a

depressed collector, Cerenkov radiator. Since it is im-

portant to minimize the velocity spread in the bunched

beam driving the Cerenkov radiator, it makes the use of

a depressed collector verv attractive.

The efficiency q, giving the ratio of harmonic power

P,, to dc power PC], depends on the square of the bunch-

ing constant a. (O <a,, < 2), the interaction resistance

R, per wavelength, the number of wavelengths (L/hn)

in the interaction length L, and inversely on the effec-

tive beam impedance R.. By depressed collector tech-

niques, R, may be made the order of 50 K ohms or less,

so that if R~ could be made the order of 1 K ohnl/wave-

Iength, then in a distance of 10 wavelengths the effi-

ciency of the device exceeds 10 to 20 per cent.

In Fig. 9 are shown some typical values of R~ that

might be expected from a Cerenkov device employing

various types of media. These values are for the case

where the beam radius is small compared to the wave-

length, the typical (Ku) problem in a conventional

microwave tube.

Thus, the present state of the C’erenkov art is that,

under the appropriate conditions, this interaction can

be relatively strong and the efficiency of the devices

be made comparable to microwave tubes. With de-
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pressed collector techniques, it is concei~,able that a CW

Cerenkov device operating at 200 kv is practical. With

an appropriate feedback system, it may even be made

into a self-excited source.

G. Transition Radiation

While many theoretical papers have been written on

transition radiation [40 ], the first coherent transition

radiation experiment that this author is aware of was

reported by Hakki [35] in 1961. .4 schematic of Haf&i’s

experimental arrangement is shown in Fig. 1(I (a).

In principle, the experiment involves allowing a pre-

bunched beam to strike a metal plate and be annihi-

lated. In this process, some deceleration radiation must

undoubtedly also be produced, but it is assumed that it

is small compared to the transition radiation. \’alues of

the radiation resistance R which are frequency inde-

pendent typically are the order of 100–150 ohms for a

900-kv beam. While this value is not very large, it is

achieved with the simplest conceivable system with

absolutely no fabrication problems.

A second possible transition radiation experiment

might involve a thin, dielectl-ic film as shown in Fig.

10(b). For a nondispersive, isotropic dielectric and non-

relativistic beam, the interaction resistance R may only

be the order of 20 ohms. However, this value could be

substantially increased by using a relativistic beam and

a dispersive dielectric having some characteristic res-

onant frequencies.
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The interesting aspect of a transition radiation device

is that the frequency limitation appears to be the

bunched beam and not the coupling structure. If a 35-

Gc base frequency Rebatron beam were available, then

low-level submillimeter wave frequencies could be

immediately produced by transition radiation.

III. HARMONIC GENERATION AND

PARAMETRIC AMPLIFICATION

A. General Considerations

With 10 kilowatts of pulsed power available up to

70 Gc from magnetrons, practically every engineer in-

terested in the submillimeter problem has at one time or

another spent some time on a nonlinear scheme to

produce RF energy above 300 Gc by harmonic genera-

tion. The fact that the effort has not as yet resulted in a

practical harmonic generator operating below 1–2 milli-

meters wavelength obviously means that some limiting

problem enters the picture. Excellent conversion

efficiencies can be obtained in the microwave range for a

number of devices [48]– [79], but as soon as they are

extended into the low millimeter region, the conversion

rapidly deteriorates and the output signals fall below

the noise,

It is well-known that in an ideal reactive element, the

theoretical harmonic conversion efficiency can be 100

per cent, while for the ideal resistive element, the

harmonic power output varies as n–2 where n is the

harmonic number. In practice, the output power P,,

usually varies with the fundamental power PI as

P. z aP1’, (2)

where a is a constant and s is greater than one. Assum-

ing such a law held for arbitrarily large power inputs

and that the nonlinear element could withstand the

heat dissipation, it would seem that some scheme should

succeed in breaking the submillimeter wave barrier.

However, since this has not been realized, what are some

of the problems that are keeping the engineer from

succeeding?

First, the Q of the nonlinear reactive elements that

have been suggested approaches one for frequencies of

the order of 150 Gc or less and the nonlinear effect is

largely lost. Resistive elements are usually only mildly

nonlinear at the frequencies of interest.

Second, the nonlinear element is usually incorporated

into a microwave structure with its own inherent fre-

quency limitations. Impedance matching, attenuation

and loss, fabrication and tolerance, multiresonant cir-

cuit problems, etc., have become increasingly difficult

to solve.

Third, the heat dissipation, breakdown and energy

storage capabilities usually prevent driving the device

at favorable input power levels.

In spite of the problems, the persistent ultramicro-

wave engineer who loves a challenge keeps looking

under another rock hoping to find an answer. This

effort is not lost because many of the ideas and tech-

niques, while not successful in the low millimeter range,

are useful at lower frequencies.

At the present time, crystal diodes [51] still retain the

frequency multiplication record (NO.7 mm) as they

have for many years. Plasmas [68 ], [70], [79] and

bunched electron beams acmear to offer the most mom-

ise. Ferrites [50], [54], ~;4], [65], [74], [76], ” [77],

ferroelectrics [71], field emitters, superconductors [69],

[73], and cyclotron resonant devices seem to be best

suited for low-order harmonic generation below approxi-

mately 100 Gc. Multiple photon processes [90], [192] in

quantum mechanical devices offer some new approaches

that could be competitive.

B. Plasmas

Microwave discharges have been known to have non-

linear properties from early work on the subject.

Harmonic generation [49], [60], [68], [70], [78], [79]

using ionized gases was considered over 10 years ago.

However, experiments at microwave frequencies are

only about 5 years old, with 35-Gc experiments being

reported in the last 2 years.

In the multiplier of Baird and Coleman [68], the

nonlinear mechanism is believed to be a modulation of

the ionization frequency, which in turn is responsible for

a modulation of the electron density and hence the

current obtained from the discharge. In the multiplier of

Swan [70] and Kino [78] the method of harmonic

generation is believed to be based on the spatial varia-

tion of the electric field. The first mechanism is more of

a resistive type of nonlinearity, while the second

mechanism is more of a reactive effect with the possibil-

ity of higher efficiency.

In Fig. 11 three plasma harmonic generator con-

figurations are shown, along with harmonic output

power data obtained. It is difficult to make too close a

comparison between Swan’s device and that of Baird

since the frequency of operation differs by over a

factor of 10.

In attempting to analyze these devices, the usual
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Fig. 1 I—Plasma harmonic generators.

approach is to solve the momentum transfer equation

;+ (v,. V) V.+ v.v~ = ~(E+v, X B), (3)

along with a continuity equation for the electron den-

sity n,

(4)

for the case where diffusion is the dominant loss

mechanism.

The microwave gas discharge with its strong non-

linearities, and large CW and pulsec[ power capabilities,

is a strong competitor in the frequency multiplication

area. Progress in the analysis of these devices has been

made so that the experimental desi~n has become more

of a science than an art. This multiplier is the most

efficient, high-harmonic (n> 5), high-power, high-

frequency device in the ultramicrowave region today.

It is a bit strange that even more effort is not spent in

this direction.

C. Fewites and Ferroelectrics

In Fig. 12 three representative multipliers are shown,

two using a ferrite and one using a ferroelectric. Con-

siderable interest was developed when Ayres [50]

achieved 50 watts peak of 2-millimeter power in 1959.

In 1960, Shaw [93] and colleagues were able to achieve

an output of 10 kw for an input of 30 kw at 9 Gc for an

efficiency of 30 per cent. Recently DiDomenico [71]

realized a conversion efficiency of 8.5 per cent in a ferro-

electric tripler multiplier with a peak input power of 2.1

kw at 3 Gc.

While many ferrite multiplier palpers have appeared

in the last four years, the work has concentrated on

analysis and understanding [76 ] of the processes

occurring in the ferrite. The associated experimental

study has been concentrated at X band.

It seems unlikely that much effort, if any, on ferrite

or ferroelectric low millimeter wave multipliers will be

seen in the near future. Problems of small sample size,

&,& “’%:r
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4mm -Znlm 9Gc-IGGc

0u7puT 50 WAT7S PtAU OUTPUT 10Kw PEAK

k

3?; g:,:
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Fig. 12—Ferrite and ferroelectric harmonic generators.
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Iinewidth, anisotropy, waveguide circuitry, saturation,

etc., appear very difficult to surmount. Unless superior

materials or new techniques are discovered, multiplier

work in this area will be confined to lower frequencies.

D. Diodes

The semiconductor diode is the oldest, most conven-

ient to use, and most dependable multiplier element yet

devised for low-level production of low millimeter waves.

The paper by 0111 and associates [51] in 1959 remains

the classic work in the area.

While varactor diodes have been improved and the

cutoff frequency increased, relatively few papers on

parametric harmonic generation [s5 ], [58 ], [59], [62]

in the millimeter range have appeared. The state of the

art conversion in multiplying from 24 to 48 Gc is about

9 db.

E. Electron Beams

A bunched electron beam [27], [28], [67] represents

the most nonlinear element that has been found for

frequency multiplication. Usable harmonic current

amplitudes in the range of harmonic number 30–50

have been obtained from Rebatrons and specially de-

signed low energy linear accelerators. Mimotrons [28]

also have usable current harmonics up to approximately

the 20th harmonic.

Referring to Fig. 13, it has been shown by Gabor in

1944 [1.lEE (London), vol. 91, part III; 1944], that

only four “pure” or basic methods of bunching a beam

exist. These methods may be identified by reference to

the equation of continuity.
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If u is the velocity with which a cathode spot belong-

ing to the element of area dS sweeps over the cathode,

and Vi is the tw-o-dimensional gradient of i over the

cathode surface, then the total rate of change of i is

di di
—+u. vi,

Z=N
(6)

where the first term represents emission and the last,

deflection modulation. The other two types of modula-

tion, concentration and transit time, are easily deduced

from the ratio terms for the areas and times.

It is important to draw attention to two points: 1) the

bunching action resulting from a nonlinear, relativistic

force equation can be quite different than for a linear

equation; and 2) classical electronics is inherently a

nonlinear business, since it is difficult to avoid having

both the charge density p and velocity v being Fourier

series which, when multiplied tog-ether to yield the

current i, do not yield a new Fourier series wherein only

the first two terms are important.

IV. QCTANTCTM ELECTRONIC DEVICIX

.4. General Considerations

Almost every person interested in ultramicrowaves is

optimistic that quantum electronics [80]– [112 ] will

sooner or later provide an answer to the generation

problem. The microwave-infrared gap has been already

bracketed but not spanned by a maser device.

At least three things contributed to making a laser

possible: 1) the optical spectroscopy of ruby was well-

known; 2) the broad absorption bands of ruby in the

green and blue, plus good quantum efficienc~-, made in-

coherent radiation pumping practical; and 3) a resona-

tor structure, the Fabry-Perot interferometer, provided

a low-loss, high-Q feedback system for stimulated emis-

sion. Suffkient knowledge of only one of these problems,

the F-P resonator, is available at the present time for

the ultramicrowave region.

Far infrared spectroscopy, using a black body radia-

tor as a source, is possible at the present time for re-

solving lines with a Q of 100 or greater. .~ctivity in this

area is rapidly increasing so that data on materials

should be appearing at an accelerated rate. Once the

energy levels, linewidths, oscillator strengths, etc., are

known, the possibilities of maser schemes can be logically

pursued. At the moment there are just too many un-

knowns in the problem.

Pumping appears to be a very difficult problem. In-

coherent, optical radiation pumping would most prob-

ably result in poor quantum efficiency. Laser light

pumping would seem to offer attractive possibilities. In

fact, laser light has already been successfully em-

ployed to pulmp a microwave, ruby maser [104]. Co-

herent, low millimeter wave energy could be used in a

quantum harmonic generation system, but it is doubt-

ful if a multiplication by a factor greater than 5 is

practical.

The most exciting quantum electronics device [112 ]

to recently appear is the GaAs $-n junction, wherein

the coherent radiation is believed to result from transi-

tions between the conduction band and a Zn acceptor

level. These devices are driven with current pulses of

up to 190 amperes in some cases, yielding current den-

sities of the order of 104 a,jcmz. Thus the energy conver-

sion is from dc or video energy to coherent optical

energy, the optimum situation. It remains to be seen

whether a semiconductor can be made with the ap-

propriate energy levels or band gap for the ultramicro-

wave region.

Optical mixing of laser light [106]– [108] to produce

submillimeter wave beat notes is an interesting thought

if appropriate nonlinear media can be found. Unfortu-

nately, most nonlinear quantum effects are high level

phenomena so that efficient conversion of energy is un-

likely. The quality of the signal, if it could be obtained,

leaves something to be desired if it results from two

lasers whose output is spiking. Under these conditions

the beat notes would appear at somewhat random times

in microsecond spikes.

As a summarizing remark, it may be fair to state that

while quantum electronics has not yet provided an

answer to the submillimeter wave problem, the possi-

bilities for doing so appear most encouraging. Perhaps

it will require a great deal more work before the time is

ripe but the optimistic feeling is that the answer will

come.

B. Tunnel Diodes

Quantum tunneling in abrupt junction, highly doped

diodes gives rise to negative resistance for small for-

ward bias voltages. Since tunneling is a majority carrier

effect with no limitation of minority carrier drift time,

the tunnel diode should be expected to operate at very

high frequencies [82 ], [84], [85], [98]. Since the bias

voltage level is of the order of tenths of a volt, large

output powers are not expected.

Fig. 14 shows a tunnel diode oscillator and amplifier

reported by Burrus and Trambarulo [84], [85], [98].

The problems in the design of these devices are of course

the diode and the circuit.

A tunnel diode has a very low impedance; hence it

must be operated in a low impedance circuit. An esti-

mate of the maximum frequency ~JnaXof oscillation that

can be obtained is given by the expression (R/ri)1f2

~C/27r where r, is the total ac dissipative resistance of the

oscillator circuit. Typical values of the electrical quan-

tities [98] might be

11 z 210 = 4 x 10–3a Pou% = ~112Y, % 0.24 pwatts

Yt = 0.03 ohm R ? 0.6 ohm

and

f.m 180 Gc f“ x 130 Gc.max —
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Trambarulo and Burrus [98], using a zinc contact,

heavily doped n-t~-pej gallium arsenide diode, achieved

oscillations at 103 Gc. By fightin~ the problem of low-Q

millimeter wave circuitry, the upper frequency limit

could he extended further. The tunnel diode oscillator

is a very interesting device in the spectra range in

which it can operate. However, it does not appear that

a diode mounted in a microwave circuit will go beyond

300 Gc.

C. Nonlinea~ Quantum E~ects

Basically the N’Iaxwell-Newton probleln in classical

electronics and the Schrodinger-filaxwell problem in

quantum electronics are nonlinear. While Maxwell’s

equations are linear, the forcing functions or driving

terms are nonlinear and hence produce nonlinear and/or

parametric effects.

In classical electronics, the current J is the driving

function for Maxwell’s equations

VXE+B=O

VXH–b=JZ=pv. (7)

As pointed out previously, if both p and v are a Fourier

series, then their product is also a Fourier series. .l

linear response is obtained by neglecting all but the

first two terms (the dc and ac fundamental) in the ex-

pression for J.

In quantum mechanics, either the electric and/or

magnetic polarizations P and M are the driving func-

tions for Maxwell’s equations

VXE+B=O

VXB– COME= P,(P+VX M). (8)

If a time-dependent Schrodinger calculation on the

interaction of the radiation with the material is made,

then in the perturbation theory a linear P or M will be

obtained only on the basis that higher order terms can

be neglected. The rdtramicrowave engineer, whose

quantum mechanics knowledge nlay be a bit rusty, is

often not aware of this fact. Allso he may have the

opinion that to obtain a nonlinear effect, the quantum

system must be driven on resonance or the natural

transition frequencies of the material.
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It is a bit difficult to point out all the features of a

given problem since almost all nonlinear effects are

tedious to analyze mathematically [90], [102]. How-

ever, at the expense of a little mathematics, consider a

two-level system having an electric dipole transition.

The density matrix equations are given in Fig. 15,

where p is the electric dipole moment, E the electric

field, T, and 2’, the relaxation times, Q the natural

transition frequency, P the electric polarization, N the

density of molecules, and nl and n! the populations of

the two states.

Consider the first example of subharmonic pumping

of the two-level system. The driving term for the P12

equation has the factor E(pll —pZ!). If E varies as a and

P1l, PU as 2w, then m can be cfrivm at 3w. These condi-

tions will be consistent with the pll eqrmtion which has

in the driving term the factor B(plz —pzl). Hence with E

var->ing as co and p12, pzl as 3w, the difference frequency

driving PII will be 20. The reason for the third sub-

harmonic response is that the perturbation is third

order. The other two examples can be explained in a

similar fashion.

It is readily seen from the density matrix formulation

that PU and PM, which determine the polarization P], re-

sult from the driving field. Pumping near natural res-

onances or conserving energy in each step will result in

greater response of the system but it is not required.

Also population inversions are not necessary to achieve

a coherent nonlinear effect. Moreover, in many cases

short relaxation times are desirable as opposed to long

relaxation times for some maser problems. There is a

great amount of fertile ground for exploration in this

area.

Three examples of recently reported work on multiple

quantum effects are shown in Fig, 16.
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D. Optical Frequency Pl~m@ng and Mi%ing

With over 10 kilowatts of pL&ed, coherent power

available from lasers, it is obvious that attention would

quickly be directed to investigating methods of using

the light to pump lower frequency masers and methods

of beating two lasers together in a nonlinear medium

to produce ultramicrowave beat note energy. Fig.

17(a) illustrates three very recent efforts along this line

of attack on the problelm.

Devor [104] and associates produced a population

inversion in the ground state of C,3+ by driving the ruby

with laser light. By adjusting the angle of the applied dc

magnetic field with the c axis of the crystal and applying

the proper magnitude of field, the 1/2(E) ~ + 1/2 (4.4 ~)

transition matched the E+ ~ 1/2 (4.4 J component of the

laser spectrum. Then, saturating the + 1/2 (4.4Ja

– l/2(E) pump transition depletes the + l/2(4.4.J state

sufficiently far below its normal Boltzmann population

to achieve an inversion with the +3/2 (4.4 z) state as

illustrated. The microwave transition +3/2 (4A J +

+ l/2(4A,) occurs at 22.4 Gc. fi’feasured values of – Q~

were the order of 75.

Population inversion of the +3/2 (4A.z) and

+ 1/2 (4A,) lines could, of course, be obtained by micro-

wave pumping. The ultramicrowave problem would be

to find a material with lines separated by a frequency of

300 to 3000 Gc and invert their population by a similar

technique. If the two levels involved were sufficiently

far above the lowest ground state, then their normal

populations could be quite small, if not zero, at suffi-

ciently low temperature. Hence the problem would be to

establish enough population in the higher of the two

levels to overcome the losses. Just how this could be

done in the face of competing processes is the question

to be answered.

Siegman [106], [107] and colleagues have mixed the

Fabry-Perot mode frequencies of a single ruby laser in a

photocathode and photodiode and obtained beat note

frequencies in the 1 to 10 Gc range. A schematic of the

photodiode experiment is shown in Fig. 17(b). They in-

dicated that the IF frequency limit would be de-

termined by the transit time of the electrons and holes

through the intrinsic region of the junction. In their

diode, the transit time was the order of 10–’0 seconds.

The peak power output of the X-band signal was – 50 to

— 60 dbm (10–8 to 10–g watts), indicating a rather poor

conversion efficiency.

Pantell [102] and associates recently achieved op-

tical frequency mixing in a bulk CdSe semiconductor in

the experimental setup illustrated in Fig. 17(c). Beat

note signals in the microwave region of less than — 10

dbm ( 10–i watts) were obtained.

Coleman and Svelto are presently studying several

possible explanations of Pantell’s results, one based on

bulk photocouductive mixing and a second based on the

Franz-Keldysh effect of the shift of band edge in a semi-

conductor with applied electric field.
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The problems of mixing two laser frequencies to ob-

tain ultramicrowave frequency beat notes are basically

the same as those encountered in microwave frequency

mixing except they may appear in a different form. From

a macroscopic electromagnetic field point of view, the

first thing required is a nonlinear medium represented

by either a nonlinear polarization P or a conduction

current J. In terms of tensor susceptibilities and/or

tensor conductivities, P and J may be expressed as

P = eo’~l.E+ EO(3~20E). E+ . . . (9)

or

J= ‘61. E+ (S62. E). E+ . . . . (lo)

Thus, as in all nonlinear problems, the analysis will

be rather complicated in spite of the fact the non-

linearity will not be nearly as large as desired for opera-

tion of the device at modest field strengths. A considera-

tion of the conversion properties of nonlinear dielectric

and resistivity m“edia indicates for this large down con-

version of frequencies that a resistive medium with a

theoretical efficiency of 25 per cent is preferable. How-

ever, in this case the problem of heat dissipation capa-

bility immediately enters the scene since the ideal

resistive medium will not be found, thus requiring the

realizable medium to be driven hard.

Given two laser beams with wave vectors kl and k2

and the difference wave with wave vector kD, then, as in

a corresponding microwave problem, the conditions

k1=k2+kD and ~l=OJZ+WD (11)

must be met if efficient operation is to be obtained.

Bloembergen [1 10] has pointed out that diffraction-

limited light beams will be essential to generate beats at

small difference frequencies since momentum matching

will be a first order effect in the aperture.

T_Tltramicrowave beat frequencies from two laser

beams will be produced but not before some hard work

is spent on the problems involved.

E. High Magnetic Fields

Any generation scheme of producing electromagnetic

radiation requires some characteristic frequency to be

present to establish where in the spectrum the device
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will operate. It is very well-known that a free electron in

vacuum in a magnetic field has a characteristic cyclo-

tron resonance frequency ~, of 28 Gc per weber per

meter squared while the spin resonance frequency ~. of

an electron in a ferrite [97], for example, is also 2S CIC

per weber per meter squared.

117ith pulsed magnetic fields of 1.0 w/m’ or greater now

attainable, characteristic frequencies above 300 Gc can

be realized. Two schemes based on this approach are the

Tornadotron device of Weibel [111] and the pulsed

ferrite device of Shaw [93] illustrated in Fig-. 18.

The cycle of operation of these two devices is the

same. A low magnetic field resonance is first established

at 3 Gc, after which the high magnetic field is pulsed on

increasing either the orbital or precessional motion, The

energy stored in the system is then radiated away at

the high frequency. Both systems are inherently- pulsed

devices.

The practical problems are: 1) storing the maximum

energy in the system, ~) having the rise til~le of the

pulsed magnetic field short compared to the relaxation

times of the systems, and 3) having the radiation time

of the RF pulse short compared to the relaxation times.

While the ferrite system has a very large density of

spins, it suffers from having to, use a small volume

ferrite sphere and having to work with small preces-

sion angles O of the order of 2 degrees, thereby limiting

the energy storage to the order of 10–8 joules. Since

short radiation times TIi of the order of 10–8 seconds are

present, the peak pulsed output power can be the order

of 1 watt. Repetition rates of 10 pulses per second could

be achieved with a husky power supply since ferrite

heating is not excessive. The present ferrite system

illustrated in the lower right-hand portion of Fig. 1S has

been operated to 50 Gc. From the experimental point of

view, the pulsed ferrite system of Shaw has the mini-

mum complexity that could be expected in a high

magnetic field device.

AS orginally conceived, the Tornadotron was to

radiate its stored energy at the peak cyclotron fre-

quency associated with the peak magnetic field. How-

ever, when the experiment was performed, only out-

puts at certain discrete frequencies as the magnetic

field was increasing were obtained. This behavior was

explained by assuming the swirling electron cloud was

not radiating in a free space fashion but was interacting

with the resonant modes of the electron chamber as

schelnatically illustrated in the lower left-hand portion

of Fig. 18. .~t time f = O, the electrons were driven

against the field in a negative vertical direction. One

half cycle later, the electrons had moved to the left

and arc now being again driven against the field ill a

positive vertical direction, thereby achieving a net

exchange of energy. Obviously, the proper field con-

figuration must be obtained in f-he chamber to obtain

this favorable interaction.

Compared to a pulsed ferrite, the Tornadotron is a far

.=+( BO+B,) W=7(BO+ BP)

E ‘~ Nmr’.2 C= MB V(I-COS6)

r < T, RADIATION DAMPING , < T (.l O-’S, C) RELAXATION
TIME TIME

WE IBEL-TORNAOOTRON SHAW-PULSED FERRITE

Fig. 18—Electron cyclotron and electron spin resonance generators.

more complicated device. However, both schemes have

many- practical problems to solve if they are to reach

frequencies above 300 Gc. It is doubtful if these devices

have answered the question of how best to exploit a

high magnetic field approach to the ultramicrowave

problem.

F. Mascys

The objective in searching for a source of coherent

energy is to find a principle which will permit the

efficient conversion of cheap, available power into the

premium desirable power. Since in a typical maser, co-

herent power at one frequency is converted into co-

herent power at a lower frequency, the only reasons

one might wish to pursue this attack would be that the

higher frequency pump power was available while the

lower frequency signal power was not or that the co-

herence quality of the signal was irnprc,ved by the con-

version. In the maser amplifier different considerations

would apply.

Various schemes have been devised to have the pump

frequency smaller than the signal frequency but the

ratio of the two frequencies is usually less than 1 to 3 so

that extending this technique well into the ultramicro-

wave region does not appear feasible.

The typical microwave maser crystal consists of a

paramagnetic ion such as Cr3+ or Fe3+ in a host material

such as .41203 or TiOZ. For low millimeter wave applica-

tions, one searches for a material where the zero field

energy level separation is as large as possible so that the

applied dc magnetic field needed to further separate the

levels is of reasonable size. Here agair, the high mag-

netic field problem limitation is encountered.

Two examples of solid state millirr eter masers are

given in Fig. 19. In the pulsed field millimeter wave

maser of Foner, the pump frequency fp used to obtain

the population inversion is substantially less than the

signal frequency,. Here the crystal is biased at HO ad

levels 1–3 saturated by the pump at frequency 12.7 Gc.

A rapidly increasing pulse field H, is then applied to

increase the energy difference between the inverted

levels 1 and 2 where masering occurs. By using peak
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magnetic fields of the order of 25–29 kg, output signals

at 7.5 Gc were obtained. In principle, by using higher

magnetic fields, still higher signal frequencies could be

obtained.

Carter [96] used push-pull pumping in Fe3+ in TiOz to

obtain maser signals in the range 49–57 Gc. Here levels

3–5 and 4–6, which are adjusted by means of an applied

magnetic field to have the same frequency, are pumped

with a coherent source at 78 Gc. Population inversion

for the levels 5–4 is obtained. The magnetic bias fields

used were in the range 5.5–7.2 kg. This scheme has the

obvious difficulty of requiring a high frequency pump;

hence it would not be capable of generating signals

higher than existing pump tubes.

The third example of a lmillimeter maser is the HCN

gas maser operating at 88.63 Gc as reported by Marcuse

[99] and Barnes [101 ]. In this original type of maser

device, the normal Boltzmann population of the Y= 1

level is supplied by thermal radiation. By using a

separator, the molecules in the J = O level are removed

while the molecules in the J = 1 level are retained,

thereby achieving the inversion. While the beam type

maser does not require a coherent pump source, it does

suffer from low, molecular beam densities and hence

produces very little output power, usually the order of

10–’ watts.

The last example in Fig. 19 illustrates the stimulated

emission of radiation from GaAs p-n junctions. This

diode device is particularly significant since it converts

dc or video energy into coherent optical energy, the best

imaginable process. The observed line at approximately

8375 ~ is believed due to transitions between the con-

duction band and a Zn acceptor level. While this fre-

quency is orders of magnitude greater than those in the

ultrarnicrowave region, one can alwa~-s hope that

narrow energy level materials might be found where a

similar effect might be used.

V. TRANSMISSION SYSTEMS AND RESONATORS

A. Smooth Wavegz~ide Stwctures

Smooth, dielectric-metal, waveguide structures con-

sist of essentially two types. In the first type [121], the

electromagnetic field is confined inside a region sur-

rounded by metal walls. In the second type [114], [116],

a%%9(Q
ME,.L ,“,0, S,NMEW(RE m,,,,,.,, 0,,,.,,,,, ,,,,,,,.,,

T,., ,,,, Vm& Rm CYL!NKR

Fig. 20—Transmission systems.

[1 l!)], [120], [132], the electromagnetic fields are bound

to a surface, but extend to infinity in the transverse

direction. By appropriate design, the rate of decrease

of the fields in the transverse direction can be controlled

so that most of the energy is confined in the immediate

neighborhood of the structure.

The various types of guides [118] that have been

developed are shown in Fig. 20. Most of the ideas

associated with these structures go back more than ten

years. However, research and development of extending

their frequency of operation above 100 Gc continues at

a brisk pace.

The general problems associated with the design of

such guides are listed in the lower part of Fig. 20. They

are the old familiar basic difficulties that also appear in

classical electronics generation systems, except here the

requirement of matching beam-wave phase velocities is

absent.

Of the guides listed, the TEOI mode circular metal

guide and the H guide [113] have special interest.

Assuming the dielectric has negligible loss, the attenua-

tion of these guides decreases as the frequency increases.

If one were to hazard a guess as to the present and

near future state of the waveguide art, the opinion

might be that guides of the type illustrated will be the

standard methods of transmitting power up to fre-

quencies approaching 300 Gc. Beyond this point, prac-

tical problems will make it difficult to compete with

quasi-optical and optical types of transmission systems.

B. Optical Systems

The beam emitted by a highly directional antenna

has, within the Fresnel region, a substantially uniform

diameter. The variations of cross-sectional amplitude

and phase distributions along the path of the beam de-

pend on the field distribution at the antenna.

Fig. 21 illustrates three optical transmission systems

that have been studied recently.

In the system of Sobel and colleagues [130], a phase-

reversing Fresnel zone plate is used. By making the

plates large in diameter D compared to the wavelength,

the Fresnel region can be made to extend an appreciable

distance from the aperture. This distance may be con-
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sidered to be about one half th,e Rayleigh distance

R= D’/A. For D=20 cm and k= O.14 cm, then R=28.5

meters =95 feet. In the graph of Fig. 21, it is seen that

only 2-db loss is obtained for distance of the order of 55

feet.

Fellers [141 ] has studied the transmission loss be-

tween pairs of parabolic antennas having diameters D

of 6 in and 12 in. One of his curves taken for a wave-

length 0.425 cm is also shown in the graph of Fig. 21.

The Rayleigh distance R for his system is 73 feet.

For separations up to the order of 100 feet, the db loss

in this system is more than twice that of Sobel’s Fresnel

zone system.

The third system shown in Fig. 21 is the beam wave-

guide of Goubau and Schwering [129], [133]. BY hav-

ing the proper field distribution over the first aperture,

it is possible for the beam to have the cross-sectional

amplitude distribution repeated at a certain distance

from the origin of the beam. By adding suitable phase

shifting means, the original phase distribution can be

reconstituted and a new Fresnel region formed which

has the same field configuration as the original one. By

repeating this iteration process, the beatn can be guided

without expansion of energy. Thus the iielcl distribution

varies along the guide, but is periodically repeated at

discrete intervals.

In theory, the 10SS of a C.oubau line can be made

arbitraril~- small. In practice, one has firrite diameter

lenses with reflection and absorption losses. A t~-pical

attenuation curve that can be realized at 35 Gc is in-

cluded in the composite graph of Fig. ~1.

Several of the practical problems of a subrnillimeter

wave optical system are obvious. The Ieuse-optical

system requires a low loss, preferably a low dielectric

material, reasonably easy to fabricate for its construc-

tion. N[easlu-ements on materials in the frequency range

above 300 Gc are very few in number at the present

time.

All the systems described are fed by a conventional

microwave horn antenna which will not be applicable

above 300 Gc. Thus, new feed systems will need to be

devised,

However, there is little doubt that c~ptical systems

are the appropriate ones for the infrared-microwave gap

region.

C. Resonato~s

While the Fabry-Perot interferornet er existed for

many decades, a through study of this resonator [115],

[117], [123], [125] -[128], [135]- [139] occurred in the

last several years. ‘I’his investigation was, of course,

prompted by work on optical masers in which the inter-

ferometer plays a crucial part. The resonator, ob-

viously, is also ideally suited for the ultramicrowave

region.

It is of interest to note that when microwave physi-

cists attacked the problem of the F-P resonator, they

naturally searched for a discrete set of normal modes

similar to those found in microwave systems. However,

instead of the problem being one associated with the

eigenvalues of a differential equation, it was found to

be one of an integral equation. The type of equation

involved is shown in Fig. 22 along with diagrams of

three F-P resonator configurations and three types of

reflectors that can be employed.

Detailed numerical calculations on the integral equa-

tion eigenvalue problem have been performed by Fox,

Li, Boyd, Gordon, and Culshaw. The diffraction prob-

lem is now well understood and the features of various

configurations known.

By proper choice of dimensions, the reflector losses

can be made to predominate over diffraction loss. Hence,

a design of a Fabry-Perot resonator maiuly involves

problems of finding suitable reflectors and coupling

schemes for getting energy into and out of the resonator.

Three coupler schemes, 1) the thin, metal plate, hole

grating, 2) the quarter-wave transmissic}n line coupler,

and 3) the quarter-wave composite clielectric sheet

coupler, are shown in the lower half of Fig. 22. The usual

technique is to determine the coupler dimensions from a

transmission line-impedance matching point of view.

For example, let R. be the normalized surface resist-

ance of one reflector. Transforming this impedance by a

line of electrical length O and then adding in series, the

second reflector resistance R., yields the expression

R,+jtan O 2R,, + j tan O
Z= R,+ —~—— (12)

1 + jR, tan O l+jR, tan O”

By adding the susceptanre –jB and applying the con-

dition for a match, one obtains

1 + jR, tan O
1=–jll+

2R, + j tan O
(13)

Assuming R,<<l gives the result

1
tan 0 = ~2R. and Bz-==.

@R,
(14)

Several mode patterns for the lowest F-P modes along
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with a relative field amplitude distribution are given

in Fig. 23. It is observed that the dominant mode field

intensity decreases as the edge of the reflector is ap-

proached, causing the power loss by diffraction to be

small. A plane wave would not have this property and

hence could not be a normal mode of the system.

Confocal resonators have been found to have a high

degenerate mode behavior, but the diffraction losses can

be orders of magnitude smaller than the planar resona-

tor. This does permit the reflector apertures to be re-

duced in size and, hence, make the confocal resonator

attractive in the low millimeter region. Integrating this

resonator into other optical and quasioptical component

systems will engage the attention of workers in the ultra-

microwave region for some time in the future.

VI. DETECTORS

A. Submillimetev Devices

The only practical detectors which presently span the

infrared [156] microwave gap [142], [151], [153] are

heat-sensing devices or thermal detectors [143]. How-

ever, Putley [147], [148] has recently described an

InSb photodetector which responds to radiation from

infrared to the low millimeter range which may change

this situation.
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The heat detector or bolometer operates on the

principle of absorbing energy, either coherent or inco-

herent, thereby increasing its temperature, which in

turn causes a change in its electrical resistance. While

the defectivity of these devices is reasonably good, the

inherent thermal inertia of the element causes the re-

sponse time to be large, so that the highest modulation

frequency that can be detected is usually less than 1000

cycles.

Some of the problems of devising a quantum detector

are obvious, since the energy of a photon for wave-

lengths between 0.1 mm and 1 mm varies from only 12

to 1.2 mini-electron volts. This would require the mate-

rial to have very closely spaced energy levels.

In searching for a nonlinear effect to apply to a de-

tector, the problem of field strength usually arises.

Suppose there were 10–6 watts of coherent power focused

on an area A of the order of ~z. If the impedance of the

medium q were 400 ohms, then the voltage level would

be 0,02 volts. If this voltage could be impressed across

a barrier distance of the order of 10–G meters, then the

field strength would be 20 kv/meter, a value large

enough to achieve a nonlinear reponse.

In Fig. 24 are listed eight detectors [144], [156]

along with their defectivity D*, where applicable, and

their approximate response time ~. It is seen that the

Putley and Ge cyclotron resonance detectors have a

D* almost 100 greater than the bolometer detector.

The process believed to be responsible for the operation

of these detectors [154] is that energy is absorbed by the

free or conduction electrons, thereby changing their

mobility and, hence, the material conductivity. Along

with an increased defectivity D*, these detectors also

have a shorter response time than the bolometer, prob-

ably being the order of 10–5 seconds.

The problem of making good, coherent detectors

[149] and mixers for the subrnillimeter region is a

difficult one, perhaps equally difficult to the generation

problem. As coherent sources became available, work in

the detector area will have to be given more attention,
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B. Low MillimeterD etectors

As a low level mixer and video detector for the low

millimeter range, the crystal diode remains the most

frequently used device. Gallium arsenide [150 ] has been

demonstrated to have properties which make it superior

to either silicon or germanium for lCJW millimeter wave

applications.

Ishii [157], in a recent study of I N53 crystal diodes,

pointed out that the application of a dc bias increased

the gain and sensitivity while reducing the noise. Curves

taken from his paper are shown in Fig. 25. It is seen

that the relativity gain increased by 23 db while the

relative noise decreased by over 10 for appropriate bias

current.

A tunnel diode [152], biased n,ear oscillation and

operated as a square-law detector, is a highly sensitive

device in the microwave range. Fig. 25 shows a curve

obtained by lhlontgornery on a gallium arsenide diode

with an input signal at 980 hlc, The minimum detect-

able power of 10–13 watts is quite impressive. Just how

high in frequency a tunnel diode detector can be made to

operate remains to be seen.
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A Racetrack Microtron for Millimeter and

Submillimeter Wave Generation*

H. FROELICH~ AND E. BRANNEN~

Summary—The accelerator described here is an eight-orbit four-
sector racetrack microtron possessing strong focusing action. The
magnet gap is only ‘7mm, and the accelerating cavity is placed in one

of the field-free regions. The energy gain per traversal of the cavity

can be varied from 0.4 to 1.5 Mev and synchronism obtained by

adjustment of the magnetic field strength and the length of the main

straight section. A theoretical analysis of the synchrotrons oscillations

in energy and phase shows that tight bunching can be achieved at

almost any point in any desired orbit by changing the frequency of the

synchrotrons oscillations. This can be accomplished by varying the

RF power and therefore the accelerating voltage.
One particularly attractive operating region gives tight bunching

in the third orbit, allowing the construction of a compact machine

if desired. For the RF accelerating source used (frequency 2800 Mc)
one obtains 20 per cent of the thkd orbit current in a bunch length of
0.1 mm using dc gun injection (no prebunching). A current of 20 ma
was obtained in the thkd orbit (2.2 Mev) which should be sufficient
for the production of milliwatt power in the submillimeter region.
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, UNCHI ATG of an electron beam for frequency

B
multiplication is generally achieved by energy

modulating the beam, and passing it through an

element with a transit time that depends in some way

on the energy. At nonrelativistic energies this element

can be a simple drift space (as in a klystron, for example),

since at these energies the electron velocity depends

strongly on the energy. A second possibility is the use of

a deflecting magnetic field, which is more appropriate

for relativistic velocities. In a magnetic field the angular

velocity of a charged particle is inversely proportional

to its total relativistic energy. Therefore the time re-

quired to deflect the particle through a certain angle is

proportional to its total energy.

Kaufman and Colemanl first pointed out that a cer-

tain electron accelerator, the microtron or electron

cyclotron, can give a highly bunched beam due to this

1 I. Kaufman and P. D. Coleman, ‘(Electron cyclotron as a source
of megavolt bunched electron beams, ” J. AppZ. Pkys., vol. 27, pp.
1250–1251; October, 1956.


