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lar to those in which ferrites are used, with no limita-

tions of frequencies.

For pulsed rf waves decaying gyroplasmas may be

more advantageous than stationary media. With pulsed

magnetic fields, isothermal gyroplasmas may be used, in

particular, for rapid broad-band spectrum analvsis. The

limitation on the bandwidth is determined by the wave-

guiding structure containing the magneto plasma. The

fact that a gaseous discharge plasma can be established

in any desired charge density state on microsecond or

shorter time scale and be removed from that state on an

equally short time scale makes the ionized gaseous

medium a very flexible one whose potentialities have not

been, as vet, explored to any great extent or even recog-

nized by microwave engineers.
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The Three-Level Solid.State Maser*
H. E. D. SCOVIL~

Surnmarg-This article gives an introduction to amplification by

solid-state maser techniques. Emphasis is placed on the three-level

solid-state maser. The relevant physical properties of paramagnetic

salts are discussed. The basis of the three-level excitation method is
reviewed. Some design considerations are given. The design and
performance characteristics of a particular device are mentioned.

INTRODUCTION

M
ASERS (microwave amplifier by stimulated

emission of radiation) offer the possibility of

amplification with very low-noise figures. With

suitable regeneration they may be converted into oscil-

lators having a high degree of spectral purity.

The interaction medium consists of “uncharged” mag-

netic or electric dipoles. It is partially because of the

lack of any charge fluctuations that these devices may

exhibit low-noise characteristics. The medium is main-

tained in such a state that it presents negative loss or

gain to incident radiation.

Beam-type masers,l because of their high stability,

make excellent frequency standards. It is, however, just

the properties that give them high stability, namely a

high molecular Q and a fixed frequency, that limit their

versatility as easily tunable broad-band amplifiers. In

these respects solid-state masers offer advantages. The

three-level maser now appears to be the most useful of

the solid-state types since it amplifies in a continuous

manner and its high permissible spin concentration

leads to relatively large gain bandwidth products.

* Manuscript received by the PGMTT, September 23, 1957.
t Bell Telephone Labs. Inc., Murray Hill, N. J.
‘ J. P. Gordon, H. J. Zeiger, and C. H. Townes, “The maser —new

type of microwave amplifier, frequency standard, and spectrometer, ”
Phys. Rev., vol. 99, pp. 1264-1274; August, 1955.

A review article on masers by Wittke has appearedl. 2

It discusses the basic fundamentals as well as giving a

brief description of each type. The purpose of the pres-

ent article is to discuss in more detail the three-level

sol id-state maser.

The next section reviews some of the physical proc-

esses involved in the operation of the device. The follow-

ing section discusses the three-level excitation method

and the properties of suitable materials. Some remarks

are then made about design considerations and the de-

sign and performance of a particular 6-kmc device is

mentioned.

PROIWRTIES AND IPRCKXSSF.S OF THE M m)[mf

General Remarks

The maser medium consists of an ensemble of atomic

magnetic moments or ‘<spins” in the solid state. The

individual dipo~es may take up only certain discrete or

“allowed” energy states as a result of interaction with

crystalline electric and applied magnetic fields.

Since the medium chosen is such that the mutual in-

teraction between dipoles is weak, the entire ensemble

may be treated statistically as though all of the par-

ticles are distributed over the allowed states of an indiv-

idual particle.

This system is referred to as the spin system. Inter-

actions occur within the spin system and between the

spin and the remainder of the crystal lattice as well as

with a radiation field. These interactions are now dis-

cussed.

‘J. P. \Vittke, “Molecular amplification and generation of micro-
waves, ” PROC. IRE, vol. 45, pp. 291-316; March, 1957.
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Spin-Spin Relaxation or Dipolar Interaction

Interactions within the spin system have been ex-

amined by several authors.a’4 A heuristic treatment is

given here. Consider the case of a spin surrounded by

neighboring spins and subject to a magnetic field H ap-

plied in the Z direction as depicted in Fig. 1 where only

one neighbor is shown. Spin (a) will be subject not only

to the applied magnetic field but also to the magnetic

fields of its neighbors. The field of a neighbor may be

resolved into two components, one parallel to H, the

other perpendicular to H.

[
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T?
(a) (b)

Fig. l—Two neighboring spins (a) and (b) are depicted as
processing in an applied magnetic field. H.

The parallel component is added to H. Since the Z

components of the neighbors are randomly distributed,

this will cause a. distribution of Larmor precession fre-

quencies about that determined by H. This effect is

known as “inhomogeneous spin-spin broadening” since

its effect is closely related to the application of an in-

homogeneous-magnetic field over the sample.

The transverse component of the processing spin (b)

will cause an rf magnetic field at spin (a) with a fre-

quency equal to the Larmor frequency of (b). If spins

(a) and (b) are equivalent, that is, if they have the same

Larmor frequency, then this rf field is of the correct fre-

quency to induce resonance in (a) and vice versa. Be-

cause this energy exchange reduces the lifetime of the

spin states, it will broaden the resonance line. This

“homogeneous spin-spin broadening” provides a mecha-

nism whereby energy is transferred throughout the spin

system. The interaction tends to keep the spin system

in internal equilibrium and to destroy any coherence or

phase relationships between spins in a characteristic

“spin-spin relaxation time. ”

It is apparent that inhomogeneous broadening always

occurs. Homogeneous broadening, however, is dominat-

ing only when nearby spins are equivalent. When all

spills are equivalent the broadening of the resonance line

2NI. H. L. Pryce Jnd K. W. H. .SteveJIs, “The theory of magnetic
resonance-line widths in crystals, ” Proc. Pkys. Sot. .4, vol. 63, pp.

36-51; January, 1950.
~ J. H. Van Vleck, “The dipoiar broadening of magnetic resonance

lines in crystals,” PIzys. Rev., vol. 74, pp. 1168–1 183; November, 1945.

by homogeneous broadening is the greater effect. The

magnitude of the dipolar interaction depends upon the

spin concentration. In practice it is controlled by “mag-

netic dilution” that is, mixed crystals are grown in

which the magnetic atoms are partially replaced by

isomorphous diamagnetic atoms.

Spin-Lattice Interaction

Thermal motion of the crystal lattice gives rise to time

dependent crystalline electric fields. These fluctuating

fields act on the orbital motion of the electron and then.

via the mechanism of spin-orbit coupling on the spins.

This provides a means whereby energy may be trans-

ferred between the spin system and the crystal lattice

which is usually treated as a heat sink at the bath tem-

perature. This thermalizing or spin-lattice relaxation

process is temperature dependent, the relaxation time

increasing as the temperature is lowered.

A simple but important relationship between relaxa-

tion times may be obtained as follows. Consider a simple

two-state system as depicted in Fig. 2 with N = n~+nj

particles distributed over the states and with relaxation

times T.m as shown. The energies of the states are Ei

and Ej with Ej > E~. Then

(1)

3T” ;Ti’
Fig. 2—Two states with, energ~es Ej and. E, and spin populations nj

and n~ are shown. Spm-lattlce relaxation times between states are
indicated.

In Boltzmann equilibrium at temperature T, dni/dt = o

and ni and ni assume their equilibrium values Ni and
AT,. Thus

Although (2) has been derived for only a two-state sys-

tem, it may be shown to apply to a multistate system by

solving simultaneously all of the rate equations.

Spin-lattice interaction shortens the lifetimes of the

states and thus broadens the resonance line. A review

of spin-lattice interaction is given by Cooke6 and

Gorter.6

Spin Temperature

It is frequently convenient to retain the form of the

Bultzmaun relation (2) even when the spin system is

J A. H. Cooke, “Paramagnetic relaxation effects, ” Rep. Prog.
Pbys,, vol. 13, pp. 276-294; 1950.

8 C. J. Gorter, “Paramagnetic Relaxation, ” Elsevier Press, Am-
sterdam, The \TetherIands; 1947.
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not in thermal equilibrium with the lattice, If the popu-

lations of two spin states (Fig. 2) are n, and nj the]] a

spin-temperature T, is defined by

?l</flj = &(B2–E’)lhT”. (3)

That is, T, is used as a measure of the ratio n,jn, even

when thermal equilibrium is nonexistent. If

ni > nj then T. > 0,

?zi = ?ZJ then T. = f m,

ni < n, then T, <0.

The last case that of negative spin temperatures may be

caused by “population inversion. 7’ Negative spin tem-

peratures are “hotter” than positive spin temperatures.

From (3) one finds that

,,, -,,, = ,,,[ea%-~wws - 1]. (-Q

Since (E, –Ei)/k T, is usually small when dealing with

microwave frequencies

[e(llj-Ei)l~T. _ 1] = (E~ – E,)/kT, and II, = ~

and (4) becomes

‘l~i — %j = ; (E, – E,)/kT.. (5)

Stimulated or Induced Emission and .4 bsorption

A particle may exchange energy with an incident ra-

diation field in accordance with the Bohr frequency

condition

El – Ei = hvj (6)

emitting or absorbing a photon of frequency v,, dependi-

ng on whether Ei> or < E,; h = 6.6 x 10–27 erg seconds

is Planck’s constant.

This energy exchange is governed by certain transi-

tion probabilities TVij which are products of transition

probability coefficients ~ij and the square of the field

amplitude, Thus

IJ”ij = ‘W~jIIr/ (7)

Wij is a complicated function that depends on the nature

of the states; and j as well as on the nature of the radia-

tion field. The relevant field vector may be either E,f or

I{rf, H,f is used in (7). Frequently w,, = O in which case

the transition is said to be “forbidden.” As a conse-

quence of the fact that the coefficient w~j contains the

square of a matrix element connecting states ; and j,

Wij = W~i. (8)

That is, the probability for induced emission is equal

to that for induced absorption. Consider the two-

state system depicted in Fig. 3, radiation of frequency

v = (Ei — E~)/h is incident.

The total power absorbed is P{j w niw~,H,[2, and the

total power emitted, Pij ~ ?’ZjWijIIrfz. Hence using (5),

(6), and (8), the net po~ver absorbed is

(9)

So far it has been tacitly assumed that the energy levels

are sharp, corresponding to zero width for the resonance

line. In practice because of the broadening effects of the

relaxation processes the resonance line will have some

frequency spread Av. As expected the broader the line

the less the intensity of absorption. Thus (9) may be re-

written

‘absK(:iw12)E’r’
(10)

where the constants have been dropped. In this case the

absorption is a magnetic one and microscopically it

would be represented as

P abs z X“llrfz (11)

where ~“ is the imaginary component of the magnetic

susceptibility of the material. Since the brackited term

in (10) depends only on the state of the material

Ej

Ei

N1
x“ K — — w~~,

T. Av
(12)

A Tlj

hvji

v ni

Fig. 3—TWO states with ene!gies E, and E, and. spin ~opulati?ns n j
and t~, are shown. Radiation of frequency r,~ 1s depicted as Incluc-
ing transitions.

111 thermal equilibrium, T,> O and both Pabs and x“

are positive corresponding to positive losses. In a maser,

population inversion corresponding to T,< O is produced

and both Pabs and x” become negative corresponding

to negative loss or gain. The stimulated emission may

be shown in a more sophisticated treatment7’8 to be co-

herent with respect to the incident radiation. Thus, in

the case of a negative temperature material the amPl~-

fied output signal is phase related to the input signal.

Spontaneous Emission

In addition to stimulated emission and absorptioi~,

there is the process of spontaneous emission which oc-

curs in the absence of applied radiation. The mechanism

may be considered to be that o{ stimulated emission

induced by the zero point oscillations of the vacuum.

~ L. I. Shiff, “Quantum Mechanics, ” McGraw-Hill Book Cc).,
Inc., New York, N. Y.; 195S.

n ;Y. 13eit ler, “The ~uanturn Theory of Radiation, ” Oxford
tJniversity Press, h?ew York, ~. Y.; 1954.
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Spontaneous emission tends to maintain thermal

equilibrium between a particle system and the radiation

field. This is in contradistinction to the nonradiative

relaxation processes which tend to maintain equilibrium

between particles.

‘The transition probability for spontaneous emission

is w@. Although it is an important thermalizing process

at optical frequencies, its effects are negligible compared

with relaxation processes at microwave frequencies.

Spontaneous emission is, however, of great impor-

tance to a maser. Because it is radiative and independ-

ent of any incident radiation it is the ultimate source of

noise in such a device.

Power Saturation

It is evident from (9) that resonance radiation tends

to equalize populations. If n i > ~j there is a net absorp-

tion of energy and a net drift of particles from the lower

to the higher state. Thus the population difference

ni — TLj decreases. This process would comtinue until

n;= fij if it were not for the spin-lattice relaxation which

tends to maintain Boltzmann equilibrium.

If the power level is low the relaxation process is pre-

dominant. At high-power levels, however, there will be

appreciable departures from thermal equilibrium. In

practice the populations may be essentially equalized.

This is known as a condition of power saturation. A de-

tailed discussion of this effect is given by Portis. 9

THE THREE-LEVEL MASER

The Three-Leoel Excitation Method

In a maser an emissive or negative temperature con-

dition is produced. One way of achieving this continu-

ously is the three-level method. This method was sug-

gested by Basov and Prokhorov ;10 its application to the

solid state was proposed by Bloembergen, II

Consider an ensemble of particles distributed over

three energy levels as shown in Fig. 4.

Nonzero transition probability coefficients are as-

sumed to exist between all states. Particles will tend to

drift between states with the indicated spin-lattice re-

laxation times. In the absence of radiation-thermal

equilibrium at the lattice temperature T will exist and

the populations will be those of Boltzmann Nl, A72, and

N,, Resonance radiation of frequency vSI (henceforth

called the ‘~pump”) will induce transitions between

states 1 and 3 and disturb thermal equilibrium, and a

new population distribution nl, nl, and n3 will occur. If

the pump is sufficiently powerful it will overcome relax-

ation processes; in practice populations nl and ns will be

essentially equalized. The rate equation for n2 becomes

g A. ivI. Portis, “Electronic structure of F centers; saturation of
the electron spin resonance, ” Phys. Rev., vol. 91, pp. 1071-1078;
September, 1953.

10 N. G. Ba~o~ and A. NI. Prokhorov, “Possible methods of ob-

taining active molecules for a molecular oscillator, ” -T. Exper, Tkeoret.
?kys. USSR, VO1. 1, p. 184; July, 1955.

11N. Bloembergen, “Proposal for a new type solid state maser, ”
Phys. Rev., vol. 104, pp. 324-327; October, 1956.

E3

E2

El

Fig. &—Three states w~th associated energies, populations and spin-
lattice relaxation times are depicted. Radiation induces transi-
tions between states 1 and 3.

In tile stezd}- state dni/dt = O and since nl = n~

/23 ?31 l/T21 + I/Tzz
— — — ——

l/T12 + l/T32

(14)
)r’z ~L2

It is seen that

/~3/n2 > 1 or nl/nl > 1 as the right-hand side > or < 1.

In either event gain will occur; in the first case for radia-

tion of frequency %, in the second case for radiation of

frequency Vzl. It is possible theoretically for n~/n2

= nz/rL1 = 1 but this requires a most unlikely combina-

tion of parameters in (15).

For high gain a large population inversion is required.

Two extreme cases may be distinguished.

1) T$J Tlls 1. Appreciable inversion will occur if

.Y3/N2 differs greatly from ATJN1. Since these Boltz-

mann ratios are related to the frequencies V82 and V21 by

equations of the form (2) and (6), it is seen that there

must be a large ratio for the frequencies V32 and V21.

Further, the negative spin temperature will occur at the

lowest frequency. This in turn requires a large ratio of

pumping to signal frequencies. Although this approach

is perhaps useful at low frequencies because of its sim-

plicity, it has definite disadvantages in a high-signal

frequency application.

2) N3/Nt ~ A’2/Nl that is V32 z V21. Appreciableinver-

sion will occur only if T32 differs greatly from T21 and the

negative temperature and gain will occur at that fre.

quency with the longest associated relaxation time.

Somewhat meager experimental data indicates that such

relaxation times are usually about equal. One method
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for producing large relaxation time ratios has been derm-

onstrated.lz .! small amount of pw-amagnetic impurity

is introduced into the lattice in such a wa~- that its

resonance frequency is equal to One of the resonant

frequencies of the active materitil. Rescnlant spin-spin

interaction and energy exchange then occurs between

the impurity and one pair of levels of the active material

but not for the other pair. This mechanism effectively

“short circuits” one relaxation time without affecting

the other. This doping technique ~~ould appear to be of

value in a high-frequency maser. .Although it puts an

additional restriction on the choice of material, this does

not appear prohibitive.

In both of the above cases it is evident that if appre-

ciable population inversion is to occur then both .l’~’.T~

and .~Tz/.171 should be small. This suggests the use of lolv-

bath temperatures. It is evident that the two frequen-

cies v32 and vZ1 should not be exactl~- equal. Othern-ise

a signal would simultaneously see gain and loss, a nega-

tive temperature at one transition being accompanied

by a positive temperature at the other.

Some remarks are in order regarding the applicability

of the simple theory of the three-level excitation method

as outlined above. The populations nl and ns may never

be exactly equal. The presence of a strmlg signal at

either vs~ or vu will affect the population distribution.

Both effects may be taken into accomlt b>- solving simul-

taneousl~ the three-rate equations for nl, rz~, and rrs in-

cluding the radiation. For instance a strong signal at the

amplifying frequency will reduce the population in-

version and hence the gain—the device is self-limiting.

At first sight the frequencl- relationship v!l+ut! = vS1

may suggest that the device operates becduse of noJl -

Iinearities. If, however, the device operates as described

here, this cannot be the case. For instant-e, it has not

been necessary to take into account the phase of the

radiation. Fur-thernlore, if the device is in an amplifying

condition then the pump may be turned off and ampli6-

cation will persist for a time determined by the spin-

lattice relaxation. However, it is possible to drive such

a three-level system so that it behaves in a nonlinear

fashion. This condition has been investi~atecl by

Javan ,’3 Clogston,14 and Prokhorov.15 In order to

achieve nonlinear operation, it is necessary for the radia-

tion to be sufficiently powerful to o~?crcome the disor-

dering effects of spin-spill interaction iLJld thereby create

coherence in the spin s~-stem. ITndcr these conditions,

mixing and conversion gain are possible. .~uch a device

woulrl appear to be closely related to a parametric-tl-pe

amplifier. In order for the linear theory given here to be

applicable the pump must be sufficiently powerful to

l? G. Fehe~ and H. E. T). Srox.il, “Electron spin relaxation times
in gadolinium ethvl sulphate,” Ph>,s. Rev., \,ol. 105, pp. 760–762;
Januarv, 1957.

‘s .%. Ja~an, ‘(’lheory of a three lelel nux+er,” Pkys. Rw , pp. 1579-
1589; September, 1957

14.-1. NT. Clocmton, ‘[Sllsceptibility of the three level nmer,” .T,
Phy~. ch~i}l .Tolids, in press.

IS A. NI, Prokhoro l., “Theor: of the ‘~hrce Level NJaser. ” paper
presented ~t [TRS1 i?[eetin<, Boulder, Colo; September, 19.57

overcome the spin-lattice relaxation only and produce

power saturation, but it must not be so powerful as to

overcome spill-spill relaxation and produce a co’nere’lt

orderins of the spin system. Essel~tially, this imposzs :a

restriction 011 the material namely the spill-spin relaxa-

tion time must be much shorter than the spin-lattice

relaxation time.

Some Remarks o~l Pu~arnagnetic Salts

Ionically bound paramagnetic salts appear to be a

particularl~’ fruitful source of suitable materiak for a

three-level solid-state maser. The theory of such ma-

terials has been reviewed b}- Bleane}- and StevenslG

and experimental data on them has been reviewed b~

Bowers and [hvell. 1?

When an atom enters into chemical combination the

magnetic moments associated with its valence electrons

are usually ‘(paired off” resulting in a di~rnagnetic struc-

ture. Certain elements belonging to the “transition

groups” have incomplete inner electron shells. When

these atoms enter into a chemical compound the mag-

netic moments associated with the inner shells are not

always ‘[paired off” and a paramagnetic material results.

The relevant in~ler shells are those of the 3d, 4d, 5c1,

4f, and 5f electron con$gurations. The corresponding

groups are known as the iron, palladium, platinum, rare

earth, and transuranic groups. In maser applications

only the iron and rare earth ~roups woLdd appear to be

attractive. The palladium and platinum groups have a

strong tendency to form diamagnetic covalent com-

plexes and it is difficult to control the spin concentration

by magnetic dilution methods in the few remaining

pararnagnetic materials. The transuranic group is for

the most part strongly radioactive.

The number of useful ions is further reduced by the

requirement of havin~ at least three low-l~rin~ a17d

therefore appreciable populated energy levels. Effec-

tively this leaves Ni++, Cr+++, Fe++-}, Gal+*+, M]l++,

and V++. The last two ions exhibit extensive hyper~nc

structures and except in extremely wide-band applica-

tions this has the effect of reducing the useful spin con-

centration.

The paramagnetic ion ill the solid state is subject to

strong crystalline electric Feld gradients. These fields

produce stron~ perturbations of the electronic orbital

motion. The electron spin is coupled to these orbits by

spin-orbit coupling. The resulting states are compli-

cated admixtures of orbital tind spin-wave functions.

Fortunately, the magnetic behavior of the lowest

lying group of states may be described b~ the use of a

‘f Spin -Hamiltoniall” which requires no detailed fmow-

edge of these effects.

Essentially one may ignore the correct but compli-

cated wave functions and simplv characterize the lowest

lC R, Bleaney a]td K. \Y. H Stevens, “Par. knla~netic resonance. ”
Rcj. P~oc. P}~ys., vol. 16, Prl. 108-1 59; 1953.

17]<. D ~o,,,ers ~l]d T. @J~,II. “Paranlagllctic rcwaance I I,” RCP.
ProK. Plzys., voi. 18, pp. 304-373:1955.
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lying group of st~tes by a single quantum number.S’

known as the “effective spin. ” S’ is defined by equating

2S’+1 to the number of energy levels making up the

ground state. 111 special cases S’ is equal to the true-spill

S but this is l~ot necessarily so.

The ground state is now treated as a magnetic dipole

which may assume 2S’ + 1 orientations in an applied

magnetic field. The effective magnetic moment of this

dipole depends upon the correct wave functions but may

easily be found by experiment. The effective spin is

however not free since, unlike a real spin, it is affected

by the crystalline electric field which produces a “Stark

splitting” of the energy levels. This Stark energy must

be taken into account along with the magnetic energy

when describing the behavior of the states. The Hamil-

tonian ,X thus consists of a sum of magnetic and Stark

energy operators which are to be applied to the effective

spin states. The entire magnetic behavior of the ma-

terial may then be described simply by specifying S’

and a few constants.

The magnetic energy or Zeeman operator is simply

g~~. S where /3 is the Bohr rnagneton =9.21 X 10–~1

Gauss cm3 and g is the ‘{spectroscopic splitting factor”

or “effective g. 7’ gf?S may be termed the effective mag-

netic moment. In most maser applications g will have

a value near 2 and be almost isotropic.

.Assurning that the crystalline potential is an electro-

static one it may be expanded ill spherical harmonics as

v = ~ .1,,’”/” JT,,”’(o, (j)

To fi~ld the corresponding Stark energl- operators one

may follow a method given b>- Stevens.’s A brief heuris-

tic treatment is given here.

First of all one observes that the number of operators

is finite. This is because the electron wavefunctions may

also be expanded in spherical harmonics and d and f
wavefunctions do not comtain harmonics for which

?Z>4 and 6, respectively. When forming the integral of

the matrix elements of V all terms, for which n >4 and

6, respectively, vanish by the orthogonality relations

for spherical harmonics. Similar arguments show that

only terms for which n is even need be retained. The

term n = O may be dropped since it is just an additive

constant. Further reduction occurs by takil~g into ac-

count the symmetry properties of the crystal. Finaliy,

when looking for operators to be applied to states of the

effective spin S’ it is necessary to retain only those

operators that have matrix elements spanning the

manifold of S’. The remaining spin operators are now

formed in such a manner that they transform under

rotation as do the corresponding terms of the crystalline

felcl expansion,

For most maser applications the following Hamil-

t:onixn provides an adequate description, where S +

= SJ ~ iS,. S, SL, S,, and S, are the usLml spin operators

131<. W’. H. Stevens, “Matrix elements .md operator equivalents
colmxted with the magnetic properties of the rare earth ions, ” Proc.
Pkys. Sot. A, vol. 65, pp. 209-215; March, 19.52.

and ma]- be considered to be the quantum equivalent of

the corresponding classical spin mechanical momenta.

w = gpHs + D[sz’ – 1/3s(s + l)]

+ l/2 E[s+’ + s-’] (16)

where

S is the effective spin (the prime being dropped),

g and @ have already been described,

D and E are constants determining the strength of the

Stark interaction,

g, D, and E are conveniently found by experiment.

Values for various materials are given by Bowers

and Owen.’7

The operator [Szz – ~S(S+ 1) ] represents a term of axial

symmetry and corresponds to the harmonic Yz”. The

operator [S+z+S_2 ] represents a term of rhombic sym-

metr}- and corresponds to the harmonic Yzz. Although

additional terms may exist they are usually small.

The ions Xi++, Cr+++, Fe+++, and Gal+++ have effec-

tive spins 1, 3/2, 5/2, and 7/2 respectivel~-.

The material may be utilized in several ways. Some

of these are now illustrated.

Case 1—H Applied Parallel to the Symmetry Axis Z,

S= 3/2: Consider initially only the first two terms in K.

The energ~- levels as a function of H are as shown in

Fig. 5, opposite. For H= O there is an initial splitting into

two pairs of degenerate states by the Stark field-a posi-

tive sign is assumed for D. The usual type of magnetic

dipole transitions corresponding to the selection rule

ASz = + 1 are permitted. These transitions require that

the rf magnetic field be perpendicular to H as in the

classical gyroscopic model. It is seen that three energy

levels with the requisite transitions exist in the region

near point .1. At higher magnetic fields, above ‘crosso-

ver” maser operation may not occur since although the

energy levels are available no ‘(double jump” transitions

are permitted for the pump.

Consider now the addition of the last term in K. The

term *E [S+2+.Y..2 ] has only off diagonal matrix ele-

ments. It will have two effects. Depending on its mag-

nitude it will shift the positions of the energy levels.

However, it will also admix spin states differing by

ASz = +2; e.g., the original state SZ = –3/2 will now

be an admixture of the states SZ = –3/2 and S2 = + 1/2,

AS a result of this admixture transitions of the ASz = O

type are permitted when the rf magnetic field is parallel

to H. These transitions correspond to double jumps and

hence the requisite transitions for both signal and pump

are now available in the region above crossover. In the

high-field region the double jump transition probability

is @ (E/g~H) 9.

Case 2—-HA pplied Perpendicular to the Symmetry Axis,

S= 312: Consider again only the first two terms in X. It

is convenient to rewrite the Harniltonian retaining H as

the Z direction. The transformed Harniltonian becomes

X = g~HSz – l/2 D[S.’ – 1/3S(S + 1)]

+ l/4 D[s+’ + S-’j. (17)
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Fig. 5—Energy levels are shown as a function of nmguetic field H
when His parallel to the crystalline symmetry axis. 3“=+,
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Fig. 6—Energy levels are shown as a function of magnetic field H
when His perpendicular to the crystalline symmetry axis. S=$.

‘~heenergy levels asafunctioll ofllare sho~l~illFig. 6.

The requisite energy levels are available and so are

the required transitions. It will be noted that the applica-

tion of the magnetic field perpeildicular to the s}mmetry

axis has in effect created a term [S+~ +S–~] even though

there is no term E of rhombic symmetry in the crystal-

line field. The resulting admixture again permits transi-

tions of the ASZ = O type. This transition probability is

~ (D/g@) z in the high-i eld region.

Case 3—H= O, S =1: If all the terms in K are zero the

ground state has a threefold de~enera.cy in spin. The

term [S2? — ~S(S+ I) ] partially removes the degeneracy

leaving the states Sz = f 1 still degenerate as shown in

Fig. 7. The term [S+~+S–~] removes the remaining de-

generacy. All transitions are permitted. This particular

mode of operation has been suggested by Bowers ancl

Mimslg and has the advantage that no appliecl magnetic

fields are required to produce the requisite energy level

scheme.

It is apparent that materials must be chosen for a

particular mode and frequency of operation. In particu-

lar crystalline field parameters must be chosen such

that the appropriate transition probabilities are suffi-

cient. Materials with a wide range of D and E are avail-

able to make this possible.

Once the material, frequency and mode of operation

I! ~ l). Bowers and Yy. B. hIinW “Three Level Maser W:ithout a
Magnetic Field, ” paper presented at Cm)ference on Electronic ‘~LIbe

Research, Berkeley, Calif.; June, 1957.

0 .- —- —.. — o

..-— —+1
+, ~:_-

-.
-—-l

SZ SZ
(3) (b)

Fig. 7—Energy levels for S= t are shown. (a) illustrates the effect {If
the axial terms [S,2 = ~ S(.5’+ 1)] only. (b) illustrates the comhintd

effect of the axial term and a rhombic term [S+z+S_2].

are fixed, the transition probability coefficients w,, may

be computed by standard techniques cf Bleaney and

StevenslG and the susceptibility evaluated.

In addition to having the requisite energy levels and

transition probabilities the material must satisfy additi-

onal requirements. The spin-lattice relaxation time

must be fairly long in order for the pump to produce

power saturation with reasonable powers. The ions

Ni~+, Cr+++, Fe+++, and Gal+++ normally have suffi-

ciently long relaxation times at liquid helium tempera-

tures.

In some materials crystalline field dislocations may

produce appreciable inhornogeneous broadening of the

resonance line. Inhornogeneous broadening from either

crystal clislocatio]ls or nonresonant spin-spin interaction

appears ur~dersirable. Computations by Mims20 show

that uncler certain conditions of inhornogeneity a three-

Ievel maser will fail to exhibit gain. It appears desirable

to increase the concentration of active spins to the point

where homogeneous spin-spin broadenil~.g is the clomi-

nant line width determining mechanism. Further in-

crease in concel~tration should be limited by bandwidth

requirements since the pumping power is increased

along with the concentration. In order to control the

spin concentration, it is necessar}’ to select a material

such that it may be “magnetically}’ diluted” with an

isomorphous diamagnetic element; e.g., diamagrtetic

.-1l+++ is frequentl~- used to dilute paramagnetic Cr+++.

SOME DESIGN CON. WDIH<ATIONS

Desig~L Consicle~ations Relating to tile Muteyial

1) Gain—the intrinsic gain is proportional to ~“.

20

Eq. (13) indicates that a high-spin concentration

is desirable and that Au should be small. These two

requirements are not independent. There is always

some minimum AU arising from inhornogeneous

broadening. once the spin concentration is in-

creased to the point where homogeneous broaden-

il]g between active spins is the line wiclth deter-

mining mechanism AU is approximately propor-

tional to N and further increase of .37 has little ef-

fect on the gain. Relation (13) indicates that a

small negative Ts is required—this infers a low

bath temperature and appropriate relaxation time

and frequency ratios.

tf’. B. Mires, private communication.
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Bandwidth-the intrinsic bandwidth is approxi-

mately proportional to AV if homogeneous broad-

ening is predominal~t.

Pumping po~ver—this increases as the spin-lattice

relaxation time decreases and suggests the de-

sirability of low bath temperatures. It increase’s

with the spin concentration and consequently ex-

cessive concentrations should not be used. The

pump transition probability shou’d be sufficiently

high for the pump to be effectively matched to the

material losses. If liquid helium is used as a re-

frigerant, pumping powers of a few milliwatts ap-

pear reasonable since liquid helium boils off at the

rate of’ about 1 cc per hour for a power absorption

of 1 mw.

Output Power-this is limited by saturation ef-

fects but will normally be quite sufficient if the

device is used as a low-noise preamplifier.

Noise—several authors’’-g’ have treated the sub-

ject of noise in masers. The noise of the device may

be expressed ill terms of k TnB where T,, is the

effective noise temperature. The computations in-

dicate that the ultimate noise is that arising from

spontaneous emission and that the ultimate noise

temperature is just equal to the magnitude of the

effective spin-temperature I T, 1. This again sug-

gests the desirability of low-temperature operation

since in a three-level maser large population in-

versions result only if the bath temperature is low.

Additional noise may arise from resistive losses in

the microwave circuit particularly from any parts

which are at room temperature. With proper de-

sign it should be possible to keep this last source of

noise small.

Refrigerant—the best results are obtained at

helium temperatures since gain, bandwidth, noise,

and pumping power requirements all deteriorate

as the bath temperature increases. In some system

applications it may be desirable to operate at

higher temperatures. Liquid hydrogen because of

its ease of handling and high-latent heat appears

very attractive.

Linearity-as previously mentioned, linear opera-

tion imposes the restriction that spin-spin relaxa-

tion time be much shorter than spin-lattice relax-

ation time. Materials which satisfy normal band-

width and reasonable pumping power require-

ments will automatically satisfy this condition.

Design Considerations Relating to the Microwave Circt~it

First of all it is important, particularly from the noise

aspect, to keep all losses ill the microwave circuit to a

Z1 K, Shillloda, H Takahasi, and C. H, Tokvnes, “Fluctuations in

amplification of quanta with application to maser amplifiers, ” 1.
Pkys. SOC. Japa)r, vol. 12, pp. 686–700; June, 1957.

Z1~. V, Pound, “Spontaneous emission and the noise figure of
nlaser a]nnlifiers, ” Ann. Phvs., vol. 1, PP. 24–32; April, 1957

‘~ M, \Y. P. Strandberg, ‘<Inherent noise of quantum—mechanical
:unplifiers,” Pkys. Rev., vol. 106, pp. 617-620; May, 1957.

minimum. The simple maser, like a negative resistance

device, will amplify for both directions of propagation.

It is important, therefore, to provide some type of non-

reciprocal isolation between the interaction medium and

the output load. Since the latter in most cases will be at

room temperature its available noise power k TZWB

would otherwise enter and be amplified by the medium

and return as amplified noise to the load, the result

would be a minimum noise temperature of 290° for the

entire device.

Conceptually, perhaps the simplest maser circuit is

just a waveguide filled with active material. In this

case, an input signal increases exponentially as it travels

down the guide. For reasonable negative imaginary

susceptibilities, however, such a system would have to

be several tens of meters long in order to provide useful

gain. Evidently a slow-wave structure is required so that

the wave may interact for a longer time with a given

amount of material.

The extreme case of a slow-wave structure is a simple

cavity. Alternatively the cavity may be looked upon as

a means of supplying regeneration or positive feedback,

the amount of feedback being dependent on the cavity

Q. The cavity provides a simple method of obtaining

high gain in a relatively small volume. The bandwidth

of such a device is initially limited by the cavity Q and

then further reduced by the application of the positive

feedback. A further disadvautaye exists because the

large amount of regeneration normally employed makes

the device quite unstable at high gains. Frequently, a

reflection type cavity is used, the input and output sig-

nals being- separated by a circulator which also serves

to decouple the noisy room temperature load from the

interaction medium. In practice a cavity resonant at

both the signal and pumping frequencies is employed,

the resonant cavity for the pump serving to match the

pumping power into the positive imaginary suscepti-

bility associated with the pumping frequency.

A compromise between the waveguide and the cavity

is an iterated structure. Such a maser may be made uni-

directional and hence stable with the use of gyromag-

netic material. The nonreciprocal material may be a

ferrite or perhaps the active material itself since the

classical gyroscopic model is derived from quantum

mecha:lical transitions of the ASZ = f 1 type which have

been shown to occur in pararnagnetic salts. Perhaps the

most elementary broad-band structure is simply an

iterated linear array of low Q cavities and ferrite isola-

tors. The most elegant type of structure appears to be a

continuously loaded single periodic structure. The de-

sign of such a structure must be compatible with the

requirement that the applied magnetic field must have

specific orientations with respect to the signal and

pumping rf fields. A further restriction is that it must

exhibit nonreciprocal properties and the magnetic field

applied to the active material should be the same field

that is responsible for the nonreciprocity.

The interaction material and the corresponding
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Fig. 8—The energy levels of Gal+++ in the ethyl sulfate for a large
magnetic field applied perpendicular to the symmetry axis. The
heavy lines identify the maser levels.

structure must be immersed in the refrigerant. Stand-

ard low temperature techniques are available for this.

Sowm DFXI~N AND PERFORMANCE CIIARACTIZRISTTCS

or i PARTICUI.AR DEVICP:

Design

A brief description of a 9-kmc three-level cavity

maser developed at Bell Telephone Laboratories, has

appeared in the literature. ‘U The 6.kmc device described

here is essentially a scaled version.

The material used is a lanthanum ethylsul~hate crys-

tal containing ~ per cent gadolinium and ~ per cent

cerium. La+++ being diamagnetic acts as a magnetic

diluting agent to reduce spin-spin interaction. Gal+++

acts as the active paramagnetic. Cc+++ acts as a spin-

lattice relaxation time doping agent.

Gadolinium ethylsulphate was chosen because there

was sufficient information available~5 ,26 to show that it

possessed the requisite properties. In a practical applica-

tion its slight chemical instability and its high room

temperature dielectric loss are disadvantages.

Gal+++ being in a pure-spin state has an effective spin

S’ equal to the true-spin S = 7/2. The magnetic be-

havior is described to a close approximation by the

Hamiltonian (16) with g =2, D= O.02 cm–~ and E=O.

Although there are a total of eight low-lying energy

levels only three adjacent energy levels are used as

shown in Fig-. 8. A field of x1800 ~ is applied perpen-

dicular to the symmetry axis and the mode of operation

24 H. E. D. .$ Covi], G. Feher, and H. Seidel, “operation of a solid

state maser, ” Phys. Rev., vol. 105, pp. 762-763; January, 1957.
% B, Bleaney, H. E. D. Scovil, and R. S. Trenam, ‘[The paramag-

netic resonance spectra of gadolinium and neodymium ethyl srrl-
phates, ” PYOC. Roy. Sot. A, vol. 223, pp. 15–’29; .%pril, 1954.

‘c H. A. Buckmaster, ‘(AM= ~ 2 transitions in dilute gadolinium
ethyl sulphate, ” ~-ol. 34, pp. 150–151; January, 1956.

Fig. 9---The pump and signal cavity configuration is illustrated. The
lr~ctangular waveguide carrying the pump terminates in a (~) ~
rectangular cavity. The signal propagates along the strip line,
A (}) k leugth of strip line placed inside the . ectangrrlar cavity
acts a~ the sipnal cavity.

used is that .,escribed under- Case 2) above.

The gadoliniurn ion experiences an inhornogel,eous

spin-spin broadening of ~20 mc from the magnetic

moments of the protons in the surrounding water mole-

cules. Consequently the gadolinium spin concentration

was increased to ~ per cent so that the resulting homo-

geneous spin-spin relaxation time = 10–8 seconds corre-

sponding to a line width of =30 mc was predominant.

The spin-lattice relaxation time of the unperturbed

transitions is = 10–~ seconds at the temperature of

liquid helium and hence the material satisfies the re-

quirements for linear operation. At 1800 @ the energy

levels are fairly equally spaced and reliance must be

placed on large spin-lattice relaxation time ratios to ob-

tain appreciable population inversion. It has been found

experimentallyl~ that ~ per cent cerium provides ade-

quate preferential homogeneous spin-spin interaction

for a sufficient ratio.

The interaction cavity was not sealed against liquid

helium for experimental convenience. Liquid helium has

an appreciable dielectric constant and wheu boiling at

4°K at atmospheric pressure the resulting bubbles mod-

ulate the cavity frequency. In order to prevent this the

vapor pressure and hence the temperature was reduced

by pumping, since bubble formation does not occur be-

low the k point. A temperature of 1.2°K was used.

A reflection-type cavity is used for the microwave cir-

cuit; the input and output signals being separated by a

circulator at room temperature. The particular cavity

geometry used is shown in Fig. 9. Pumping power at

= 11.5 kmc enters through an X-band waveguide which

is terminated in a tunable rectangular cavity resonant

in the (3/2)X mode. The signal propagates along the

strip line. Inside the rectangular pumping cavity is a

(1/2)X (at 6 kmc) length of a strip line which forms the

signal cavity. The crystal is mounted at the rf magnetic

field maximum in the center of the strip cavity. This in

turn is so positioned that the crystal also sees an rf mag-
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netic field maximum of the pump.

The signal, associated with a ASz = ~ 1 transition, re-

quires that the signal rf magnetic vector be perpendicu-

lar to the large applied dc field. The pump, associated

with a ASZ = O transition, requires that its magnetic

vector be parallel to the dc field. In the cavity geometry

employed the signal, and pump rf magnetic fields are

parallel to each other. The applied dc magnetic field is

oriented at an angle of 45° to the plane of the strip il L

order to have rf field components satisfying the two

transition probability requirements.

Performance

This device was constructed for some initial feasibility

tests and its performance should not be taken to indi-

cate the limits of performance which may be expected

in a more practical device.

A pumping power of 38 mw was employed, probably

less than 1 per cent of this being absorbed by the crystal.

The discrepancy arises from the fact that a low pumping

cavity Q provides a poor match. The pumping require-

ments may be materially decreased by better design.

With a gain of 20 db the bandwidth is = 100 kc. Al-

though the material has a line width of 30 mc this in-

herent bandwidth is not utilized because of the high

Q( = 6000) of the signal cavity and the associated posi-

tive feedback. The regeneration also results in a fairly

small stability margin. Both bandwidth and stability

would be improved if an appropriate unidirectional slow

wave structure was employed.

The effective noise temperature of the entire device

including circulator and monitoring equipment was

*150°K. Most of this noise arose from the excessive,

and easily reducible, room temperature losses of the

circulator and monitoring equipment. The noise tem-

perature of the actual maser was < 35°K compared with

the theoretical \’alue of 4°K (obtained from a spin tem-

perature of – 4°K). The accuracy of the noise measuring

apparatus was insufficient to allow identification of the

true maser noise.

Nonmechanical Beam Steering by Scattering
Ferrites*from

M. S. WHEELER~

Summary—A small aperture radiating circularly polarized energy
is loaded with a spherical ferrite to produce an electronic beam di-
recting system. The ferrite is immersed in a static magnetic field

which is in general at an oblique angle with the unreflected direction
of radiation. It is shown that radiation is principally in the direction
of the magnetic field when the polarization is in the negative sense.
From symmetry this allows beam deflection with two degrees of
freedom.

To consider an application for such a device, it is proposed that
this deflection system be used in conical scan. A mechanization is
shown, which solves the problem in principle, but it is not competitive
with present mechanical scanners from the point of view of side

lobes, etc.

INTLLODUCTIO~

u

SE is continually being made of two ferrite prop-

erties, the Faraday rotation and resonant ab-

sorption, to produce the many microwave com-

ponents used today in waveguides and antennas. iVhen

these principles are applied to beam steering in an-

tennas, it would seem that the properties of the ferrite

are used in an indirect manner. Alternately, it should be

possible to use ferrites directly to produce a deflection as

* Manuscript received by the PGMTT, May 20, 1957; revised
manuscript received, August 5, 1957.

f Westinghouse Electric Corp., .4ir Arm Div., Baltimore 3, Md.

the energy is passed through and over the ferrite. Such

an effect was reported by Angelakos and Korman. 1

It would be required that the ferrite be immersed in a

large fraction of the radiated energy, and yet the ferrite

must be relatively free from boundaries in such a man-

ner that the energy would be free to change direction.

The asymmetry, which is controlled and used to change

beam direction, would be the relatively static saturating

magnetic field to which direction all of the anisotropic

properties of the ferrite are referred.

The advantages of such a beam-steering device are

obvious: no mechanically moving parts are necessary.

Less control power would be required, low-temperature

starting would cease tobe troublesome, and higher oper-

ating speeds could be achieved with a ferrite as com-

pared to a corresponding mechanical deflection system.

However, to be practically useful, it would be required

that a ferrite scatterer have low dissipative loss, that it

be made relatively reflectionless, and that a sufficient

degree of beam perfection be achieved considering cross

polarization and extraneous side lobes.

1 D. J. Angelakos and M, M. Korman, ‘(Radiation from ferrite
filled apertures, ” PROC. IRE, vol. 44, pp. 1463–1468; October, 1956.


