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Maser Operation at Signal Frequencies Higher

than Pump Frequency*

FRANK R. ARAMS~, SENIOR MEMBER, IRE

Summary—Methods using harmonic spin coupling for operating

solid-state masers with signal frequencies higher than the pmup

frequency are discussed. Expressions for the population inversion

ratios are presented, and the maximum signal-to-pump-frequency

ratios are calculated.

Experimental data is presented on a ruby maser which is op-

erated using the symmetrical method. Amplification was obtained at

signal frequencies from 10,320 to 10,740 Mc, using pmnp frequencies

ranging from 9580 to 9670 Mc.

An experiment in which maser operation is obtained simultane-

ously at two frequencies is described.

sOLI D-STATE masers are ordinarily operated

with the pump frequency two to ten times the

signal frequency. This relationship-a relatively

high pump frequency—permits good spin-population

inversion (and hence satisfactory gain-bandwidth

products) at the signal frequency.1

A major obstacle to the development of masers

with very high signal frequencies has been the lack of

availability of satisfactory pump power sources in the

millimeter-wave and submillimeter-wave regions. One

approach toward circumventing the unavailability of

satisfactory millimeter pump sources has been the

pulsed maser. With the pulse technique, transient maser

amplification of signals up to 70 k.hfc has been obtained.2

Because transient methods have obvious disadvan-

tages, there is a need for a continuous-wave maser in

which the pump frequency is kept as low as possible rela-

tive to the signal frequency.

One method of keeping the pump frequency low is

the method used in the “X-X maser. ” In this maser, the

pump frequency is only about 15 per cent higher than

the signal frequency.3 This method of operation can

probably be used in the millimeter-wave region by us-

ing maser materials which have suitably large zero-field

splittings-for example, emerald, and Cr+++ or Fe+++

doped titania.

As the signal frequency is raised higher and higher, it

becomes increasingly desirable to use a pump frequency

* Received by the PGMTT, July 15, 1960. This work is part of a
$c~.ral dissertation at the Polytechnic Inst. of Brooklyn, Brooklyn,

t Airborne Instruments Lab., Cutler-Hammer, Inc., Melville,
L. I., N. Y.

1 N. Bloembergen, “Proposal for a new type solid-state maser,”
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lower than the signal frequency. Several methods for

achieving continuous-wave maser operation with a sig-

nal frequency higher than the pump frequency will be

discussed in this paper. Operating data on a maser op-

erating in such a manner will be given.

The low-pump-frequency maser operation discussed

here involves spin-coupling of transitions that are equal

in frequency or harmonicall}- related. In the harmonic-

spin-coupling process, simultaneous spin flips cause en-

ergy transfer between transitions that are harmonically

related in frequency; all, or almost all, of the Zeeman en-

ergy of the spin system is conserved. +-s Saturation of the

lowest-frequency transition by applied pump power will

result in a simultaneous saturation effect in the harmon-

ically related transition. This spin-coupling mechanism

will alter the spin population distribution between the

energy levels in such a manner that a negative tempera-

ture is obtained at a signal frequency higher than the

pump frequency.

THE SYMNIETRIC.AL lWETHOD

A maser material is required having four (or more) en-

ergy levels. Let these energy levels be numbered from 1

to 4 in order of increasing energy, and let the notation

j,, represent the frequency corresponding to the energy

difference between the ith and the jth levels. An opera t-

ing point (in terms of magnetic field strength and orien-

tation with respect to the crystal C-axes) is chosen at

which fll = 2fzs. The method of operation is as follows.

The spin population distribution among the various

levels before application of pump power is approxi-

mately as shown in Fig. 1 (a). The fzt transition is satur-

ated by means of pump power from an external pump

source at frequency fzs.The saturation of the fzs transi- .

tion will result in the simultaneous saturation (at least

partial) of the jll transition through the mechanism of

harmonic spin coupling. Thus, the spin populations of

4 N. Bloembergen, S. Shapiro, P. Pershan, and J. O. Artman,
‘[Cross-relaxation in spin systems,” Phys. Rev., vol. 144, pp. 445–
459; April 15, 1959.

6 W. H. Higa, “Excitation of an L-band ruby maser, ” in “Quan-
tum Electronics, ” Columbia University Press, New York, N. Y., p.
298; 1960.

GJ, E. Geusic, “Harmonic spin coupling in ruby, ” Pkys. Rev.,
vol. 118, pp. 129–130; April 1, 1960.

7 WJ. S. C. Chang, “Spin lattice re!axati?rr via harmonic coupling, ”
in “Quantum Electronics, ” Colurnbla Uruversity Press, New York,
N. Y., p. 346; 1960.

8 W. B. Mires and J. McGee, “Spin-spin energy transfer and the
operation of three-level masers, ” PROC. IRE, vol. 47, p. 2120; De-
cember, 1959.
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levels 2 an c1 3 have been equalized to the average value

of their equilibrium populations. The same will be true

of levels 1 and 4. The spin population distribution, as-

suming that all spin-lattice relaxation times are equal, is

shown in Fig. 1 (b). Note that a negative temperature is

obtained in thejlz transition.5’o

The negative temperature at jl~ and the saturated $~~

transition combine to produce a negative temperature

at a frequency j13, which is higher than the pump fre-

quency f23. In terms of the spin populations of the vari-

ous energy levels, since n~ > ml, and tiz = tis, it follows

that 723> nl, so that maser action can be obtained at .fls.
Thus, a way has been found to obtain operation with a

signal frequency higher than the pump frequency.

hlaser amplification can thus be obtained simultane-

ously at two signal frequencies, ~lz and ~1~, which are re-

lated by the expression ~al~, +~pu~P =j~i~,. (This circunl-

stance will be discussed further later on.)
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Fig. l—Population distribution iu symmetrical method. (a) Thermal
equilibrium, pump power off. (b) 13ump power (at $23)On. (C)
Analogous three-level technique illustrating that jsl is idler tran-
sition.

Comparison of this symmetrical method with the

standard Bloembergen three-level maserl shows that

js~ plays the role of the idler transition, and that Fig.

1 (b) is analogous to the Bloembergen three-level maser

technique if we think of the fz3 transition as the degen-

erate intermediate energy level; this is shown in Fig.

1 (c) and is verified by the following analysis.

.-l nalysis:

We can solve for the steady-state (negative) popula-

tion difference, Anls = nl–ns, using the usual linearized

rate equational and the conditions n~ = ns caused by

pump saturation and nl = ~z~ caused by saturation by

second-harmonic spin coupling. A more general pro-

cedure is to add to each of the standard rate equations

one term representing the spin coupling between the

harmonically related transitions. (All other possible

simultaneous multiple spin-flip processes are neglected.)

Let w. be the harmonic-spill-coupling transition prob-

ability; w,~, the spin-lattice transition probability be-

tween the ith and jth energy levels; and n, the order of

the spin-coupling harmonic. The condition nl = rzl is not

used, since the degree of saturation of the jM transition

will depend upon the parameter ~C/w~j. For WJ~/WIij = m,

the results are identical with those calculated for the

first method. The two pertinent rate equations (since

we are pumping between levels 2 and 3) are

111 these equations N is the total spin population, h is

Planck’s constant, k is Boltzmann’s constant, and T“ is

the bath temperature. The form of the harmonic spin

coupling terms in (1) is obtained by linearizing (for

second-harmonic) terms of the forml (nZYnJ — n&zl.) For

all w~j equal, we obtain for the steady-state

lvk
AJL,3 = – —

4kTo

For wC/wij = cc, this reduces to

()NJ” f34 – flz
A}J13 = – —

4kT0 2 “
(3)

This expression is independent of n ancl has the same

form as that for a standard Bloembergen three-level

maser, which-for all wij equal—is

I-Ience, it is evident that f34and flz act as the idler and

signal transitions, respectively [Fig. 1(c) ], and that we

wish to maximize f34.
Taking (2), normalizing it to the Boltzmann thermal

equilibrium population difference (AnlJ 0, and rewriting

it in terms of the signal frequency, fu, and Pump fre-

quency, fzs, we obtain

( )‘w,, f23

A;113 To
?2+l+2— —

w. fl,
—=1– — (5)

(A~J,,)o = T,l,
( )2 1+2~~

where T~l A is the spin temperature of the -fl~ transition.

TO/T,l, must be negative in order to obtain amplifica-

tion, and the obtainable gain is proportional to To/ TSIS.

As (5) shows, for n >1, amplification can be obtained

with a signal frequency fls larger than the wm]~ fre-

quency f23.
Using (5) we solve for the maximum ratio of s’Snal-
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frequency-to-pump- frequency, with n and wC/wii as

parameters, by setting 77./ T,l, equal to zero. The results

are shown in Table I. As can be seen, for wC/wij = cc,

the maximum ratio of signal-f requency-to-pump-fre-

quency is 1.5 for n= 2, and 2.0 for n =3. The maximum

signal frequency is seen to be dependent upon w,/w,i.

This is intuitively reasonable, because the ~1~ (second-

harmonic) transition is not saturated for finite wC/wii. As

expected, the maximum ratio increases with n. It is

seen that w,/w,j need not be very high to permit maser

amplification at frequencies higher than the pump fre-

quency. However, because w, is an implicit function of n,

it may be difficult to achieve high signal-frequency-to-

pump-frequency ratios. To maximize wC/w,i, it is desir-

able to go to as low a bath temperature as possible,

since w. is independent of and W,j is proportional to

bath temperature. This parameter—the ratio of the

w’s—can also be changed by varying the concentration

of the paramagnetic ion in the maser crystal.

TABLE I

SYMMETRICAL METHOD: MAXIMUM RATIO OF SIGNAL FREQUENCY
TO PUMP FREQUENCY

w./w%* = m 10 4 2 1

%=2 1.33 1.17 1.0 0.83
3 ;.: 1.75 1.5 1.25
4

1.0
2.s 2.17 1.83 1.5 1,17
?-+1 n+l.2 n+l.5 n+2 n+3

n 1 2 2.4 3 4 6

Eq. (5) also shows that the inversion improves as the

signal- frequency-to-pump-frequency ratio is decreased.

In fact, it continues to increase even when the signal fre-

quency becomes lower than the pump frequency. When

the signal frequency is less than the pump frequency, the

energy-level arrangement could be called harmonic

push-pull pumping (Fig. 2). Thus, even when the signal

is less than the pump frequency, the improved inversion

(and hence increased gain-bandwidth product) makes

the harmonic-coupling technique attractive in compari-

son with the standard three-level Bloembergen maser

technique.

ALTERNATIVE SYMMETRICAL METHOD

Suppose the energy levels are arranged in such a man-

ner that ~1~ = 2fzs (as previously), but fsl <fn (rather

than jU >flz, as previously). It is still possible to obtain

maser amplification at a signal frequency (now f2J

higher than the pump frequency (~z~). Here, flz is the

idler transition. Thus, just as in the standard Bloem-

bergen three-level maser, maser operation can be ob-

tained with the idler transition higher in energy than

the signal transition, or vice versa.

THE ASYMMETRICAL METHOD

In this method, we again require four (or more) en-

ergy levels numbered from 1 to 4 in order of increasing
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Fig. 2—Population distribution for harmonic push-pull pumping.
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Fig. 3—Population distribution for asymmetrical method. (a) Com -
plete saturation of ~z, transition. (b) Incomplete saturation of
~24transitionwc/WU= 10;~6=Z.

energy. We chose an operating point at which fzh = 2fn.

The method of operation is as follows (see Fig. 3).

The f12 transition is saturated by means of pump

power from an external pump source at frequency j’12.

The harmonic spin-coupling mechanism results in the

simultaneous saturation (at least partial) of the fzi
transition. The populations of levels 1, 2, and 4 will be

essentially equalized to their average value. The spin

population distribution will then be as shown in Fig.

3(a).

A negative temperature can be obtained at a signal

frequency flt (and fzs) or fsh, depending upon the loca-

tion of energy level 3. The signal frequency ~ls will be,

and the signal frequency fsd may be, higher than the

pump frequencyf12.

Analysis:

We can solve for the steady-state (negative) popula-

tion differences, An18 and Az34, using the usual linearized

rate equations and the saturation condition nl = nz = n4.

Again, the more general procedure is to add the har-

monic spin-coupling terms to the rate equations. In the

steady state, assuming that all whj are equal, we obtain

for the population inversion ratios,

To ( )
fz+2+4~f~

—.l–
w. f13

w,

and

(6)
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TABLE 11

AS~MMETRICAL NIETHOD: MAXIMUM RATIO OF SIGNAL FREQUENCY TO PUMP FR~QU~NCY

Wc/wL, = ~ 10

fla f,, f,, f,,

1.33 1.67 1.16 1.32
1.67 2.33 1.42 1.84
2.0 3.0 1.7+ 2.37
%+2 2n+l n+2.4 2n+l

—.

3 3 3.8 3.8

71

1.0 1.0 0.86 0.71
1.2 1.4 1.0 1.0
1.+ 1.8 1.14 1.29
n+3 213+1 n+il 2n+l

5 5 1 7 7

(7)

The maximum ratios of signal-frequency-to-pump-

frequency as functions of n and ~C/w~j for the asym-

metrical method are shown in Table II. The maximum

signal-to-pump ratio is different for the~ls and~st transi-

tions, being 1.33 and 1.67, respectively, for second-har-

monic spin coupling, and 1.67 and 2.33, respectively,

for third-harmonic spin coupling. Eqs. (6) and (7) also

show that, as in the symmetrical method, harmonic

spin coupling significantly improves maser operation

over the three-level Bloembergen maser, even when the

signal frequency is lower than the pump frequency.

The population ratio of the pump transition fll was

calcula~ed assuming that the .f~ transition is saturated

b>- externall~- applied pump power. We obtain

-1’
8–—

T, 72+1
—— (8)

~1 ,j

for the dependence of the degree of saturation of the flt

transition upon the w./w,f parameter. As expected,

To/ T,,,~O for w,/w,l~ ~. How incomplete saturation

of the spin-coupled second-harmonic transition reduces

the maximum signal frequency is shown in Fig. 3(b).

The reduction in population of level 4 combines with an

increase of the level 1 and 2 populations to yield only a

limited frequency range where inverted populations are

obtainable.

THE PLTSH-PtTSH fiL\sER

This may be considered as a special case of the asym-

metrical method with n = 1. Since flz =fz~, both transi-

tions are saturated directly by the applied pump power. g

The population inversion ratios can be obtained directly

from (6) and (7) by setting w,/w,~ = ~ and n =1. The

result shows that the push-push maser produces a sig-

nificant improvement in population inversion ratio over

the three-level Bloembergen maser. IHowever, maser

operation at a signal frequency higher than the pump

g “Solid-State Research, ” MIT Lincolu Lab. Quarterly Progress
Rept,, p. 65; July 15, 1959.

frequency can be obtained for unequal spin-lattice re-

laxation times only.

EXPEMMENTAL DATA

Continuous-wave maser operation with the signa I fre-

quency about 1000 Mc higher than the pump frequency

was successfully achieved using the symmetrical

method. By using the four energy levels in ruby (chromi-

um-doped aluminum oxide), maser amplification was

first obtained at f13 = 10,590 hlc, using a pump frequency

of fzs = 9595 Mc. The magnetic field of 1675 oersteds was

oriented at 90 degrees to the ruby C-axis. The energy

levels used are indicated in Fig. 4; they wzre so arranged

that jll = 2fz3.

We established experimentally that the ~1~ transition

is saturated because of the pump power applied at fre-

quency f%s, and that the frequency ratio need not be ex-

actly integral .1” It was possible, using a constant pump

frequency of ~zs = 9650 h~c, to saturate thejll transition

over a 600- Mc frequent y range (centersd near 19,300

Mc) with an optimized magnetic field.

The experimental result that the second-harmonic,

~11, transition can be saturated over a range of fre.

quencies with constant pump frequency, is attributable

in part to the fact that the frequency of the fz~ transi-

tion varies very little with magnetic field (Fig. 4),

changing by less than 40 MC per 100 oersteds in the re-

gion of interest.

The experimental setup consisted of a doubly reso-

nant tunable cavity operating in the TE1O waveguide

mode. The ruby crystal had a nominal O.OS-per cent

residual chromium content. The pump power was 8 mil-

liwatts at a liquid helium bath temperature of 4.2 de-

grees K. To ascertain that the saturation of the jil tran

sition was primarily caused by harmonic spin coupling,

we measured the second-harmonic power output of the

pump power source in the 18 to 26 kMc range and found

it to be less than 1 microwatt.

A voltage-gain bandwidth product of 11 Mc was

measured at a liquid helium bath temperature of 4.2

degrees K. It is expected that larger gain-bandwidth

products can be obtained, since the ruby occupied only

a small portion of the cavity. The filling factor is esti-

mated to be 50 per cent. The spin population inversioa

ratio was also measured, and was found to be –0.37.

10 F. R. A~a~~, “Maser operation with signal frequency higher
than pump frequency, ” PROC. IRE, vol. 47, p. 108; January, 1960.



72 IRE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES January

0UJo
In
w I PUMP FREQUENCY
: -2
x

9595 MC
m

‘-’t--=

I

I

— LEVEL 3

SIGNAL FREQUENCY

10,590 MC

~ LEVEL 2

‘LEVEL I

o 0.5 1.0 1.5 2.0

MAGNETIC FIELO IN KILO- OERSTEOS

Fig. 4—Energy levels used in ruby in symmetrical
method experiment.

The tuning range was 420 Mc with optimized pump

frequency and magnetic field and a liquid helium bath

temperature of 4.2 degrees K. NIaser amplification was

obtained over the 10,320- to 1O,74O-MC range, using

pump frequencies ranging from 9580 to 9670 Mc. The

data are plotted in Fig. 5. The tuning range obtained is

also of interest in view of the frequency difference be-

tween the pump frequency jzs and +fll, but it is consist-

ent with the observed wide-range harmonic saturation

of ~11 previously described. A greater tuning range

should be obtainable at 1,5 degrees K.

An attempt was also made at obtaining maser opera-

tion using the asymmetrical method. The orientation of

60° between ruby C-axis and applied magnetic field is of

particular interest, since the harmonic relationship

fzl =fu is maintained over a wide range of frequencies,’

that is, a pump frequency f1z=8.3 to 12.7 IIJIc, and a

signal frequency f31 = 10 to 15 fcMc. Q improvement was

observed, but inversion has not yet been obtained, indi-

cating the possibility that additional factors (such as

other spin-flip processes) may need to be included that

were not considered in the present analysis.

TWO-FREQUENCy Nf~sm OPERATION

In the symmetrical method, a negative spin tempera-

ture was obtaiued at two frequencies simultaneously.

One of these is at a relatively low frequency, designated

f,l. The second frequency ~., is numerically related to

f,l via the pump frequency ~P—that is, f,, =f,l+fp.

A triply resonant cavity experiment was set up, and

it was possible to obtain maser amplification at f$l and

f., simultaneously. Operating conditions were: magnetic

field = 1650 gauss at 90 degrees to the ruby C-axis; f,

= 9600 Mc; f,l= 1005 Mc; and f,, = 10,605 Mc. When
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Fig. 5—Frequency tuning range of ruby maser
using symmetrical method. ...

the Iiauid helium bath temperature was reduced to 1.5
L

degrees K, maser action was obtained at f.1 and f~g,

simultaneously. Maser action would get better or worse

at both frequencies concurrent y as adj ustments—such

as angular orientation and magnetic field strength—

were being made.

The condition f,z =fp +f.~ used here is also used in the

parametric amplifier up-converter. In that application,

j-n junction diodes or ferromagnetic materials are used,

and the input is at frequency f.1, the output is at fre-

quencyf,z, and the obtainable power gain is equal to the

frequency ratio f,2/f81.

In the experimental double-frequency maser setup,

no interaction between the f,l and f,z signals was ob-

servable except when the input power level approached

saturation. An input signal at f,l did not affect the f,z

output, and vice versa. It is concluded that the absence

of coherence between the fll and fls transitions prevents

the realization of a maser amplifier up-converter.

CONCLUSIONS

Several methods for obtaining CW maser operation

with a signal frequency higher than the pump frequency

were analyzed. Performance data on the symmetrical

method were presented. This maser was tuned over a

420-Mc range. Using the methods described, millimeter-

wave masers having pump frequencies lower than signal

frequencies should become available in the foreseeable

future.
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