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CONCLUSIONS

A multiple-beam, deflection modulation system ap-

pears to be a rather simple method of producing a high-

current, high-harmonic content beam with a large cross-

sectional area. Unfortunately, the coupling structures

suggested to be used with these beams have rather low

interaction resistance so that the efficiency is poor.

However, the quasi-optical approach using systems

large compared to the wavelength is quite attractive.

If better couplers could be devised, large amounts of

pulsed power would be possible.
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Multiple Quantum Effects at Millimeter Wavelengths*

R. H. PANTELL~, MEMBER, IEEE,

Surnrnary-When a quantum mechanical system interacts with a

radiation field it may do so by multiple as well as single quantum

processes. These multiple quantum processes give rise to nonlinear

effects such as harmonic generation and parametric amplification

and oscillation. The density matrix formulation is used to describe

these multiple quantum processes. Two- and three-level systems are

considered as forms of harmonic generators and some of the desired

properties of the materials to be used are described. Two methods

of generating submillimeter radiation starting with optical signals are

also dkcussed.

1. INTRODUCTION

s

I lYCE the first work on the maser by Gordon,

Zeiger and Townes [1] much interest has been

focused on the possible uses of the quantum prop-

erties of matter in the field of electronics. Various types

of gaseous and solid-state amplifiers and oscillators have

been successfully operated in both the microwave and

optical regions, and operation in the millimeter and

submillimeter range seems to be possible. The basis for

operation of all of these systems is the maser principle,

which states simply that if the normal population dis-

tribution of an allowed transition is inverted, then

there will be a net emission rather than a net absorp-

tion by the quantum system. This net emission makes

possible amplification and oscillation. These processes

are all essentially single quantum processes.

In addition to these familiar applications of the inter-

action of radiation with a quantized system, there are
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processes in which more than a single quantum of radia-

tion is involved in the interaction. Such processes are

called multiple quantum interactions. These processes

allow various types of frequency mixing effects similar

in nature to those in classically describable nonlinear

elements. For this reason these quantum mechanical

processes may also be called nonlinear. They are gen-

erallv strong field effects and may be used for various

applications such as parametric amplification and oscil-

lation, harmonic generation, and modulation. The re-

quirements of the quantum system for these nonlinear

effects differ from those of maser applications, especially

in the fact that population inversion is not necessary

for most of the cases considered so far. These new re-

quirements may make possible the use of many new

materials not particularly suited for maser applications.

The millimeter and shorter wavelength range ap-

pears particularly well suited for such applications, as

many atoms, molecules and crystals have strong spectra

in this region.

The phenomenon of multiple quantum effects will be

described in more detail and an approach which is well

suited to the solution of such higher order quantum

mechanical processes will be presented. This will be

followed by a discussion of several possible applications.

II. AN APPROACH TO THE PROBLEM OF M ULTIIPLE

QUANTUM TRANSITIONS

For the types of problems dealt with here, the per-

turbation theory rate equation method does not appear

as useful as some other approach which more exactly

solves the equations of motion. A metihod of attack

which is particularly well suited for such problems is

the density matrix approach. A detailed discussion of

the density matrix is given in [2 ]– [4] and its applica-

tion to radiation problems in [4 ]– [8 ]. I t is essential y
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a method for taking into account both the quantum

mechanical and statistical properties of matter. For

our use here the density matrix p may be described by

its equation of motion

i+ = [q p], (1)

and by the prescription for obtaining the expectation

value of an observable

(Q) = ~~(PQ) . (2)

In (1) x is the total Hamiltonian operator composed of

the unperturbed term $co and a perturbation term W

which is due to the interaction of the system with

radiation fields; p is the density matrix operator;

[x, p] is the usual commutator defined as [~, p]= WP

—p3L Eq. (1) folows from Schrodinger’s equation. Eq.

(2) defines the expectation value of an observable Q as

the trace of the product of the matrices of the density

operator p and the operator corresponding to the ob-

servable. These matrices may be taken with respect to

any complete set of functions but it will be found ex-

pedient to take as the basic functions the eigenfunctions

of 3G. In matrix form (1) becomes

‘n; ,.m = [w,,]nm. (3)

Finally, relaxation times may be phenomenologically

added to (1) or (3) to account for various relaxation

processes such as spin-spin and spin-lattice interactions.

The diagonal components pmn, when normalized such

that ~p,,. = 1, may be interpreted as the probability of

occupancy of the nth state. When considering a macro-

scopic system which contains N Microsystems, the

quantity Np~~ is then the average number of systems in

state n. The off-diagonal terms, p~~,m #n, area measure

of the extent to which levels n and m are connected,

this coupling being caused by the external radiation

fields. If the quantity pnn is small, then the coupling of

levels n and m is small; if it is large, then they are

strongly coupled. We shall now qualitatively examine

these terms in order to see how multiple quantum

processes may come about.

Consider now two levels of the system, 1 and k. From

(3) the equation of motion for pzk is given by

(4)

where we have expanded the commutator and the

matrix products appearing in (3). By separating the

Hamiltonian into the unperturbed term 3G and the

term due to the interaction with the fields x’, we have

where now the terms on the right hand side contain only

the perturbation Hamiltonian. We may further separate

the terms on the right-hand side to give

8
ifi ~ PM + (-/h — El)pm

= Klk’(pkk – pZZ) + ptk(~tt’ – ~kk’)

+ ~ (~tj’pjk – /Jlj~jk’) . (5)
igl,k

From the form of the left-hand side of (5) we see that

the “natural” frequency of plk is QW = (Ek —Ez)/k, and

hence terms on the right-hand side near this frequency

will be most effective in driving plk. We may now

qualitatively visualize the various forms of this cou-

pling.

The first term on the right-hand side of (5), WZk(Pkk-

PZ~), describes the direct coupling of levels z and k due

to a perturbation ~1~’. Such a perturbation will arise

when there is a matrix element between the two states

(such as an electric or magnetic dipole moment) and an

apphed radiation field whose frequency u is near Qlk.

This direct coupling gives rise to the usual linear effects

involving only a single quantum. Inclusion of terms to

this order is sufficient to describe the usual maser

theory.

The second term involves a form of self coupling

whereby some state 1 is coupled to itself (i. e., K!zL’ #O).

Such a coupling will arise, for example, when a level

possesses a permanent moment. Although this term

may be important in many cases of interest, we shall

not consider it further; rather, we shall turn to the

final terms which describe the indirect coupling proc-

esses giving rise to the nonlinear effects described

here.

Consider the summation

~ (~’tjpjk - /Jtj~jk’)
1+4 ,1

which is a summation over all the rest of the states of the

system of terms of the form $dtjpjk. A term of this form

states that if level k is somehow coupled toj, pj~ #O, and

there exists a perturbation coupling the levels 1 and j,

Xzj’ # O, then levels 1 and k are indirectly coupled via

level ~. If pjz is coupled in first order, then from (5) it

is seen that pjk is proportional to Xfk’. Therefore, p~k k

proportional to ~zj’~j~ and will have a frequency de-

pendence corresponding to the algebraic sum of the

frequencies of XZ~ and 3(+’. This is an example of a

second order coupling. In principle, any order of

coupling may arise. For such a coupling to be possible

it is necessary that there exist allowed transitions

between the various levels such that a progression be-

tween the levels may be formed, i.e., l-+, j+’, ~~~’,

. . . ~+k.

As an example, let us consider a four-level system in

which transitions are allowed between the following



7963 Panfell and Smifh: Quanfum Effecfs at Mi[limefer Wavelengths 319

pairs of levels, (l-4), (l-3), (2-3), (2-4); these are

shown in Fig. 1 along with the defined frequencies. Di-

rectly coupled in first order are those states connected by

arrows. In second order we have 4 coupled to 3 via 1, 4 to

3 via 2, 2 to 1 via 3, 2 to 1 via 4. In third order 4 is

coupled to 2 via 1 and 3, 4 to 1 via 2 and 3, 3 to 2 via 1

and 4, etc. These processes are easily seen to give rise to

frequency mixing effects. For example, suppose we

apply three fields at frequencies co = Qtl, WZ= flt~, WS= QSZ.

These will produce first order coupling between the cor-

responding states. From the preceding discussion we

find that levels 1 and 3 are coupled, i.e., p,3 #O, the fre-

quency of the driving term being WI –UZ+CW and the

magnitude proportional to the product of the fields

at the three frequencies. We may go further if we

now calculate the expectation value of the operator

giving rise to the matrix element pl~ from (2) we find a

term p~spsl +1.qym which will vary at the frequency

Wq= w — w? +OU. This term (magnetic or electric dipole)

will act as a source for electromagnetic fields at the

frequency w1. Thus in this example our four-level quan-

tum systeru has acted as a nonlinear element, combining

fields at the three frequencies w1, uZ, W3 to generate a

field at W* defined above, the magnitude of this field

proportional to the product of the magnitudes of the

applied fields. Although this example is probably im-

practical it does serve to demonstrate the principles

involved.

1111

$2~2=(E4-E2)/t

“2

r

E2 etc.

n, ~ E,

Fig, l—Forrr-level system with allowed transitions shown by arrows.

A procedure which has been employed for the solu-

tion of such problems is as follows. With a particular

idea in mind, such as harmonic generation, and the en-

ergy level scheme to be employed (i.e., the number of

levels, energy spacings, allowed transitions) the density

matrix equations of motion are set up under the assumed

conditions. A steady-state solution is found by assum-

ing a harmonic series for the various components of

the density matrix, and employing harmonic balance.

The set of algebraic equations which results gives the

desired steady-state solution to the quantum mechanical

problem. By using (2), all the observable of interest

may be calculated; of particular interest are those ob-

servable which act as the source of radiation fields

(electric and magnetic dipole mclments). The frequency

dependence of these quantities will be that of the

applied frequencies and combination thereof. Finally, a

classical electromagnetic field theory problem may be

solved where the effects of these observable are in-

cluded as source terms.

Rather than go into more detail, some of the more

general results of such an analysis will be included here.

This will be followed by a discussion of some applica-

tions which might be useful in the millimeter wave range.

Some aspects of multiple quantum processes are as

follows :

1) For a strong first order interaction the frequency

of the radiation field should be near the natural frequency

of the transition involved.

2) For indirect coupling, the frequency of the effec-

tive driving term is the algebraic sum of the individual

contributions to the coupling. I-n order to be effective

this frequency should be near the natural frequency of

the driven transition.

3) The strength of the over-all interaction is propor-

tional to the product of the strengths of the individual

interactions. These are in turn proportional to KY/hAo

where W is the perturbation energy connecting the

levels and Aw is the linewidth of the transition when the

applied frequency u equals the natural frequency Q, and

is equal to the difference (w— Q) when the applied fields

are off resonance. In general the streng, th of the over-

all interaction will be less the higher order the coupling,

and will be larger the closer energy is conserved in each

step.

4) Energy of the radiation fields and quan turn sys-

tem must be conserved in the over-all process. This may

occur either when each individually conserves energy,

such as in harmonic generation, or when the increase in

field energy equals the decrease in the energy of the

quantum system or vice versa. In the latter case, since

the quantum system has discrete energies, the fre-

quencies of the radiation fields must satisfy the condi-

tion ~~ Wi = (Ef –Ei)/Fz, where +Wi implies absorp-

tion of a photon at w~, a —u, implies emission, and

Ef –Ei is the increase in the energy of the quantum

system.

5) The question of population inversion vs no popula-

tion inversion depends on the particular case. If the

radiation field conserves energy and hence the q~uantum

system conserves energy such as in harmonic genera-

tions, then the nonlinear effect is independent of the

sign of the population difference. If the energy of the

quantum system increases (accompanied by an equal

decrease in the energy of the field) corresponding to a

jump of the quantum system from Ei to Ef, Ef>E~,

then levels j and i must be in a normal population state.

If the quantum system gives up energy, then these

levels must be inverted. For single quantum transitions

the above is simply the maser principle.

6) Under the influence of the strong radiation fields

required for these higher order effects, the effective

natural frequencies of the transitions are changed de-

pending on the magnitude of the RF fields present

[9]-[11] Such an effect is particularly critical when the

transitions involved have narrow linewidths.
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We shall now turn to a discussion of some representa-

tive examples of these effects.

III. APPLIC.4TIONS

One of the most useful applications of a nonlinear

element is its use in generating power at frequencies

where fundamental sources are not available. We shall

discuss several aspects of this problem; namely, har-

monic generation in both two and three level systems,

and methods of obtaining millimeter wavelengths

starting with optical signals. Other possible applications

are also mentioned.

A. Harmonic Generation

1) Two-Level System:

a. Principles: The two-level system is the simplest of

all quantum mechanical systems, yet it does offer some

interesting possibilities for harmonic generation. Let us

consider a scheme of operation. Suppose there is a radia-

tion field of frequency a applied to a two-level system.

We shall assume that the levels 1 and 2 are connected

by a dipole moment of magnitude ,u. In first order, level

1 is coupled to 2; in second order, level 1 is connected to

itself via 2; in third order levels 1 and 2 are again

coupled. This coupling will be at the frequency 3U and

its magnitude will be proportional to the cube of the

applied field, E3 (or 178). As a result of this coupling term

at 3c0 and by using (2) there will be a component of the

polarization (or magnetization) at the frequency 3w.

This will act as a source for third harmonic fields.

Thus far, no mention has been made of the relation

between the frequency of the applied radiation u and

the natural transition frequency Q. From an examina-

tion of the process it is seen that energy is conserved by

the field in the over-all process but it can be conserved

in only one of the three intermediate steps, either for

u = Q or 3W = fd, These then are the two possible fre-

quency ranges of operation where we may expect a

fairly strong interaction. This will clearly not be as

strong an effect as a situation where energy is conserved

or nearly conserved at each steD.

For an electric dipole system of the above type, the

magnitude of this polarization P(3u) has been evaluated

in [10] and [II], and is given by

P(3(.LI) =
PZCYSEIZ

87N3122[I + T#(f2 – 30)2]
(6a)

10=n/3

P(3W) =
P2CYSEIS

6WJ3W[1 + T,’(Q – w)’] ‘
(6b)

U=il

where p is the value of the dipole moment for the 1–2

transition; c is the speed of light; y is the absorption

coefficient for the transition as observed in single

quantum spectroscopic experiments; E% is the magni-

tude of the fundamental electric field; O is the natural

transition frequency; 72 is Planck’s constant/2~; and

T2 = l/rAv, where AU is the full linewidth of the transi-

tion at half intensity. The quantity S is a saturation

parameter and is defined as the ratio of the population

difference (nl –fit) under dynamic conditions to its

equilibrium value (file —722’),

?$1 — ‘IZ2
s= ——--- (7)

?21’ — n.2g

From an examination of (6a) and (6b) it is seen that the

harmonic polarization is expressed entirely in terms of

known quantities; no phenomenological nonlinearity

need be added. The details of this calculation ma]- be

found in [10] and [11].

The power generated at 3W by this harmonic dipole

will be proportional to the square of the polarization.

It is thus proportional to 72SZ, which brings up two in-

teresting points. First, since the power is proportional

to ~z it is independent of the sign of -y and hence in-

dependent of whether or not the populations of the

states are inverted. This result is in contrast to the

population inversion requirement for the maser oscilla-

tor. An oscillator or amplifier requires a negative con-

ductance, which is achieved by producing population

inversion. A harmonic generator requires a nonlinear

conductance or reactance, and this nonlinear element

may present a positive conductance at the output fre-

quency. Hence there is not the requirement for popula-

tion inversion. Secondly, saturation, which occurs when

the populations of the two levels tend to equalize and S

tends to zero, will limit the output power of such a sys-

tem. It is found then that the effects of saturation are to

be minimized as much as possible, especially when high

powers are involved. In the case of a solid this implies a

fast spin-lattice relaxation and, in a gas, operation at

higher pressures resulting in broader lines,

For practical considerations any system to be used in

this manner should have both a large y and a large p,

the power out being proportional to @~z (or to pg since

T w M2). Since electric dipole moments are in general two

orders of magnitude larger than magnetic dipoles, the

former will be far superior. Many gases show very

strong lines in the millimeter range; these appear, at

this time, to be the most practical operating substance.

In fact, for some types of gas molecules the absorption

coefficient varies as !d3, making the harmonic polariza-

tion (6) independent of frequency. This suggests the

extension of these principles to as high a frequency

range as the necessary fundamental field strengths are

available. Typically these fields need to be of the order

of 15,000 volts/cm or greater.

We shall now briefly consider a possible form for such

a device and the experimental evidence for such opera-

tion.

b. Afiplications of Two-level System: 13ecause of the

strong fields required in order to obtain significant har-

monic output power it appears necessary to use a

resonant structure at the fundamental. In order to

couple out the maximum power the structure should be
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resonant at the harmonic also. Akit t, Strain and Coleman

[12] have considered a Fabry-Perot type of system

which appears well suited for this application because of

the high Q’s involved. Using such a structure the gas

may either completely fill the volume or perhaps selec-

tively fill various sections of the cavity by the use of

partitions. Since it is not necessary to have an inverted

population for operation, no state separator or focuser is

required as in beam type masers, simplifying construc-

tion.

For microwave transitions in a gas the absorption

coefficient for a given line is independent of pressure.

From (6) the polarization is then independent of pres-

sure and hence the power available is also independent

of pressure. The effects of saturation are, however,

dependent on the linewidth of the transition and hence

on the pressure. Higher pressures result in more frequent

collisions and hence a faster return to equilibrium. This

fast relaxation will result in a lessening of the effects of

saturation. Hence we may increase the pressure and

reduce saturation without altering the strength of the

nonlinearity. This provides for a more versatile opera-

tion than could be obtained by using a solid.

Practically, such a harmonic generator would consist

of the doubly resonant system filled with the gas with

provision for coupling the power ‘in and out. In order to

eliminate the possibility of heating of the gas it might be

continuously cycled.

Some qualitative aspects of thir d harmonic generation

using a two-level system have been verified experi-

mentally [13] using the inversion transition in am-

monia. Harmonic powers on the order of 30 milliwatts

were obtained at a frequency of 25.5 kMc using a pump-

ing source at 8.5 kMc in a re-entrant type of microwave

cavity. Saturation was found to vary as expected and

maximum output power was obtained at a pressure of

300 mm Hg. These results are shown in Fig. 2. Work is

now in progress to obtain more quantitative data. Akitt,

et al. [12] at Illinois are using a Fabry-Perot type of

system in conjunction with the strong HCN transition

at 88.6 khlc and are attempting to generate both the

third and fifth harmonic. This work is described else-

where [12].

2) Three-level System:

Second harmonic generation in a three-level system

provides an example of a multiple quantum process in

which energy is nearly conserved at all stages of the

interaction. Consider a three-level system where the

energy levels are approximately equally spaced and

where transitions are allowed between all pairs of levels.

In this case, the outer levels (1 and 3) are individually

connected to the middle level (2) as well as to each

other. The natural transition frequencies are shown in

Fig. 3. If a radiation field of frequency co= %/2 is now

appIied to the system it will excite both the 1–2 and 2–3

transitions strongly, being nearly resonant in both

cases. .As a result of these first order couplings, levels 1

200 mm Hgl

-321’ 1 ! I —~.

44 48 52 561 60

INPUT POWER (dbm)

Fig. 2—Third harmonic output power vs input power for various
pressure levels. The operating substance is NHS.

Fig. 3—Energy level diagram for second ha rmosric gsmera-
tiou in a three-level system.

and 3 will be coupled in second order and a component

of the dipole moment will be generated at 2U if there is a

nonzero matrix element between these levels. This com-

ponent of the dipole moment will then act as a source

of radiation fields as explained previously. The strength

of this dipole moment will be proportional to the square

of the applied radiation field and to the product of the

dipole moments at the three transitions. In addi tion, it is

proportional to the difference in populations between

levels 1 and 3, (n, –nJ. By denoting the field by Fl, the

dipole moments by the appropriate subscripts and the

resultant dipole by J1(20J), we have

The details of the calculation and the exact expressions

may be found in [1 1].

The power generated, being proportional to M2(2cu),

will then be proportional to ~lZ2flZX2&:S2(?tl — ?ZS)~. From

this it is clear that large dipole moments are extremely

desirable and that population inversion is not necessary.

Further, since the power generated depends on the

square of the difference in populations of the two levels,

the effects of saturation are to be avoided. This sug-

gests, as in the two-level case, the use of materials with

fast relaxation times.
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Examples of systems which have the desired charac-

teristics of equally spaced energy levels and the proper

selection rules include some paramagnetic materials.

The exact behavior of a given ion will, of course, depend

on its environment, in particular the strength and sym-

metry of the crystal fields.

Although no particular materials will be suggested

here, some general desired properties of the material

may

1)

2)

3)

4)

be hsted:

The zero field splitting should be large and of the

order of the working frequency.

The crystal symmetry should be such that Am = 2

transitions are allowed, corresponding to the 1–3

transition.

Since the harmonic power varies as the product of

the squares of the matrix elements of the three

transitions involved, a large effective spin is

desired.

Since it is undesirable to saturate the levels in-

volved, a short spin-lattice relaxation time is

desirable and is required for high power operation.

The latter condition 4) should make possible the con-

sideration of a larger class of materials than for maser

applications where saturation of the pump transition is

required.

Wellington [14] has experimentally verified the prin-

ciples involved using a degenerate system, i.e., fl~z = %.

The experiment was performed at room temperature

using pink ruby as the substance at a fundamental fre-

quency of 9.425 kMc. Although the output power, 10–9

watts, was low, operation was still in the square law

region with efficiency increasing proportional to the in-

put power. Had the experiment been performed at liquid

helium temperatures, a considerable increase in the

efficiency at low power levels should have been expected,

due to the increase of the quantity (tz~ –nl). Similar re-

sults were obtained using a nondegenerate system where

Q~2.#i221 [11]. Although experimental results to date are

encouraging, there is still insufficient data available to

make any statement as to the ultimate practicability of

such a device.

B. Optical Mixing

With the development of high power optical masers

there exists the possibility of mixing two optical fre-

quencies to obtain their difference frequent y. This beat

frequency may lie anywhere in the range from micro-

wave to infrared. Javan [151 has proposed a scheme for

mixing two optical signals in a three-level system which

uses the concepts discussed in this paper. This method

may be described by considering the energy level dia-

gram shown in Fig. 4.

The transition frequencies fkl and Qz1 correspond to

optical frequencies while ~32 is near the desired output

frequency. All three possible transitions must be

Fig. 4—Energy level diagram of a three-level system used to obtain
difference frequency of two applied signals.

allowed. If two optical signals of frequencies GA and OA

are applied where u1%%, uz~flzl, then levels 2 and 3

will be coupled in second order, the strength of the

coupling being proportional to the product of the fields

at the two optical frequencies. This coupling will pro-

duce a component of the dipole moment at the differ-

ence or beat frequency. As an example Javan considers

the RI and R? lines in ruby. His calculation shows that

when light near both these two frequencies (derived

from a ruby laser) is incident upon a ruby crystal, the

power generated at the difference frequency is at least

some five orders of magnitude greater than that ex-

pected from mixing in KDP. Were the transition be-

tween the l?l qnd R2 lines electric dipole rather than

magnetic dipole an additional increase of several orders

of magnitude would result in the output power. By

varying the temperatures of the rubies used and hence

their natural frequencies, a variable difference fre-

quency can be achieved.

No experimental results have been announced to

date.

C. Raman Processes

As a final example we shall consider a Raman type

process which may be used both for generating signals

and as a form of parametric amplifier. There are many

possible forms such a system may take; we shall consider

only one here. Let us suppose that we have a three-level

system as shown in Fig. 5 and that we apply a single

frequency u, to this system where co,> flzl. We shall

further assume that transitions are allowed between

levels 1 and 3 and 2 and 3. If a radiation field at the

frequency COZ=CW – & were present then it would be

possible to excite the quantum system from level 1 to 2

with the absorption of a photon at frequency COLand the

emission of one at OJZ.The reverse process, absorbing a

photon at UZ and emitting one at WI is equally probable,

If n,> nz then there will be more of the first type process

and hence a net emission at wZ. Thus, for a net emission

at COZ,a normal population distribution is desired, con-

sistent with conditions (5) of Section II. With nl> nz the

signal at co~ would be amplified, a net gain occurring if

the net emission from the quantum system exceeds the

cavity losses. This type of operation is the same as clas-

sical parametric amplifier theory where now the quantum

system provides the idler frequency, i221. If we pump

harder at the frequency W, sufficient to overcome both
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Fig. 5—Energy level diagram for a R.aman-type process.

the cavity and coupling losses, then the system will

oscillate coherently at the frequency co~.

Javan [16] has also studied the possibility of using a

two-level system for Raman-type processes where now

the self-coupling (i. e., a matrix element connecting the

state with itself) of one state or the other takes the place

of the level 3 used here.

The pump power level required for such oscillations

to begin depends on many factors, among which are the

intensities of the allowed transitions, the energy differ-

ence, Z (OS] — LOJ, the losses in the cavity structure at COZ.

and the coupling of the material to the cavity resonant

mode (filling factor). By using suitably strong optical

transitions and a strong tunable coherent source such

as the ruby laser, along with a tunable cavity at w, it

should be possible to achieve a variable frequency source

in the millimeter and submillimeter range.

Yajima and Shimoda [17], [18] have studied some

aspects of this problem in the microwave range. Experi-

mentally, they have been able to achieve net emission

but no oscillations in a traveling wave gas device pump-

ing at 50 kMc with a signal frequency of 5 kMc.

Shimoda’s group is now attempting this at optical

frequencies.

Very recently Woodbury [ 19J and Eckhardt et al.

[20] at Hughes have observed coherent Raman proc-

esses by using the giant pulse optical maser. The output

frequency in their experiments COzwas close to the pump

frequency, ml. This is a result of the fact that the fre-

quency & is in the infrared and not in the optical.
Further work should make possible the observation and

application of this effect at all frequencies.

D. Other Possible Applications

FITe have listed several methods for the generation of

power, both by harmonic g-enera.tion processes and by

the mixing of optical signals. These form orLly a rep-

resentative sample of some of the possible applications.

They are for the present, however, some of the most

important as far as application to the millimeter wave

range are concerned because of the lack of sources in

this region. Other uses which may someday result are

forms of amplifiers, mixers, detectors, limiters, and

modulators. For example, the three level scheme for

optical mixing might act as a mixer, with one optical

signal being a local oscillator while the Raman-type

scheme might be used as a form of tunable amplifier.

IV. SUMMARY AND CONCLUSIONS

A radiation field may interact with a quantum

mechanical system through interactions which involve

two or more photons as well as the familiar single quan-

tum interaction. These higher order processes are strong

field effects and become increasingly important as the

signal levels are raised. As a result of these higher order

effects the quantum system may look like a nonlinear

element, mixing various frequencies applied to it to

give sum and difference terms, the strength of these

effects being dependent on the frequencies applied and

the properties of the material. Using these phenomena

a quantum mechanical system may then be used in

various applications as a nonlinear element,, Examples

have been given of several applications which might be

of use in the millimeter wave range. As a result of the

difference in principle of operation from the linear

maser, different requirements are made clf the materials

which may be used; notable is the inclusion of materials

with short relaxation times.

A method of analysis of problems of this type using

the density matrix formulation has been described. This

formulation is quite general and is applicable in both

the microwave and optical regions of the spectrum, The

formulation has the advantage that many level schemes

can be handled, relaxation terms may be conveniently

added phenomenologically, and it provicles some insight

into the processes involved.

It should be noted that these mu[tiple quantum

effects are not limited to the microwave range of the

spectrum but are very general, existing all the way

from radio frequencies to optical frequencies.

In short, the purposes of this paper have been three-

fold: to point out the basic nature of these multiple

quantum effects, to describe a method of alpproach

which is applicable to problems of this type and to de-

scribe some possible applications.
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TEO1 Mode Components in the ~-mm Region*

ALAN J. SIMMONS~, SENIOR MEMBER, IEEE

Summary—In the 3-mm region (94 Gc) it is desirable to use

waveguide components operating in the low loss TEoI mode in circu-

lar waveguide rather than in fundamental-mode rectangular wave-

guide. Because this is a higher mode, mode purity is of major con-

cern. A method of identifying undesired modes and their amplitudes

is by means of radiation patterns from the end of the waveguide.

Components developed to operate in this mode include a transi-

tion from rectangular to circular waveguide, standing wave detector,

variable attenuator, directional coupler, flexible waveguide, fixed

900 bend and rotary joint.

INTRODUCTION

T

RANSNIISSION of millimeter-wave energy by

means of the TEOI mode has the advantage over

fundamental-mode rectangular waveguide of

lower loss, greater power capacity, larger size and

simpler flange couplings. It has the advantage over op-

tical or quasi-optical transmission lines of being a closed

shielded system with controllable single-mode propaga-

tion which permits launching of the mode with high

efficiency. Potential use of this mode has been boosted

by recent development of high-power magnetrons

whose output is in this mode, and which develop enough

power to cause RF breakdown in standard air-filled

rectangular waveguicfe at atmospheric pressure, t

* Received January 21, 1963. Revised manuscript received April
5, 1963. This work was sponsored by the U. S. Army Signal Research
and Development Laboratory, Fort Monmouth, N. J. under Con-
tract No. DA-36-039-sc-88979. This paper was presented at the
Millimeter and Submillimeter Conference, Orlando, Fla., January
7-10, 1963.

T Technical Research Group, Inc., East Boston, Mass.
1 ([Inverted coaxial magnetron delivers 100 kw at K.-band, ”

Microwaves, pp. 46-47; March, 1962.

This paper describes the development of components

to operate in the TEOI mode in the frequency region

around 94 Gc (3.2 mm), which is in the neighborhood

of a propagation window in the earth’s atmosphere.

The components developed or under development in

this program include the following:

1)

2)

3)

4)

5)

6)

7)

8)

9)

10)

11)

12)

transition from rectangular to circular wave-

guide

mode filter

90” bends

10-db directional couplers to rectangular wave-

guide

flexible sections

standing wave detector

variable attenuator

low- and high-power terminations

manual three-port RF switch

rotary joint

coupling flanges

pressurizing window sections

Most of this paper will be concerned with items 6) and

7) which have certain novel features and represent

major design problems. A brief description of the

method of design and results achieved on some of the

other components will be presented.

The inner diameter of the circular waveguide used is

0250 inch; cutoff freqency for the TEUI mode is 57.5


