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Solid-State Maser Amylifier*

ALAN L. MCWHORTER AND JAMES W. MEYER
Lincoln Laboratory, Massachlsetts Institlte of Technology, Lexington, Massachlsetts

(Received August 14, 1957)

The operation of a solid-state maser amplifier at 2800 Mc/sec is described. A dual-frequency cavity con-
taining paramagnetic potassium chromicyanide in an isomorphous cobalt diluent is used at 1.25'K. The
experimental observations of the maser both as an amplifier and as an oscillator are compared with theory.

I. INTRODUCTION

SOLID-STATE maser of the type proposed by
Bloembergen' has been operated both as an

amplifier and as an oscillator at 2800 Mc/sec, using
KsCo(CN)s containing 0.5%%u~ Cr as the paramagnetic
salt. This material is particularly suited for maser
application by virtue of its unusually long spin-lattice
relaxation time, which was found to be 0.2 sec at 1.25'K
by resonance saturation techniques.

The upper three of the four energy levels of the Cr+++
ion were used, with the energy level spacing suitably
adjusted by means of the magnitude of the dc magnetic
field and its orientation with respect to the crystalline
electric field of the salt. Spin state populations were
inverted by saturating the resonance absorption at
9400 Mc/sec.

The amplifier, regenerative in nature, has as a result
much narrower band width than one would expect from
a casual consideration of the circuit Q s involved. For
simplicity the measurements reported below were made

with a relatively high Q reflection cavity. To achieve
the 1arge band widths inherent in the width of the para-
magnetic resonance line without sacrificing gain, a very
low Q structure, e.g. , a slow wave structure, containing
a much larger volume of the paramagnetic salt would
have been necessary. In spite of its band-width limita-
tion, however, the present circuit shows that a solid-
state maser can be made to operate in reasonable
agreement with the theoretical predictions.
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II. ENERGY LEVELS

Baker, Bleaney, and Bowers' have interpreted the
paramagnetic resonance spectra of KsCr (CN) s as arising
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FIG. 1. Energy level diagram K3Cr(CN)6 with orientation
of magnetic axes as parameters.

* The research reported in this document was supported jointly
by the Army, Navy, and Air Force under contract with Massa-
chusetts Institute of Technology.' N, Bloembergen, Phys. Rev. 104, 324 (1956).

where for cobalt as the diluent, D=0.083 cm ', E=0.011
cm ', and g is approximately isotropic and equal to 1.99.
The direction cosines between the magnetic axes (x, y,
and s) and the pseudo-orthorhombic crystalline axes

'Baker, Bleaney, and Bowers, Proc. Phys. Soc. (London) B69,
1205 (1956).

3|2



SOLI D —STATE MASER AM PL I F I ER

(a, b, and c) are given as
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Several energy level diagrams computed from this spin
Hamiltonian are shown in Figs. 1 and 2. Within experi-
mental accuracy, our preliminary measurements agree
with these curves both in the 3 cm and 10 cm wave-
length regions.

As these data indicate, several combinations of
magnetic field and crystal orientation can be chosen
which will permit operation at the selected frequencies,
2800 Mc/sec and 9400 Mc/sec. The combination which
gave the best results in the initial investigation, and
which was used for the measurements reported below,
is shown in Fig. 3. The desired splitting was achieved
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FIG. 3. Energy level diagram KSCr(CN)6 showing
point of maser operation.

III. APPARATUS AND METHOD

A. Microwave Apparatus

Because of its essential simplicity, a fixed-tuned, dual-
mode coaxial microwave cavity was employed. Minor
adjustment of the splitting of the energy levels to
correspond. to the resonant frequencies of the cavity was
done by small shifts in crystal orientation. The cavity
is one-half wavelength long at 2800 Mc/sec when
operated in the TEA mode with the sample in place
and with the remainder of the cavity volume filled with
liquid helium. At 9400 Mc/sec, the cavity operated in
the TEyyg mode, which was especially chosen to reduce
cross coupling of 9400-Mc/sec power into the coaxial

by means of a slight rotation, about the u axis, of the
t," axis from the dc magnetic field.

line employed for 2800-Mc/sec operation. The cross
coupling was further reduced by means of low-pass
filters in the external coaxial line. The resulting mag-
netic field configurations and cavity features are shown
in Fig. 4. Saturating power was coupled to the cavity
by means of a section of silver-plated stainless steel
wave guide terminated by a magnetic coupling hole.
The size of this hole was adjusted to give approximately
critical coupling when the paramagnetic resonance was
saturated. The 2800-Mc/sec coaxial line was coupled
to the cavity by means of a loop. The extent of coupling
could be adjusted both by rotation and depth of
immersion of the loop in the cavity.

The low-temperature head, Fig. 5, was installed in a
suitable double Dewar system. Thermal isolation of the
cavity provided by the stainless-steel wave guide and
coaxial line was su%ciently good to permit several
hours of operation at 1.25'K with approximately one
liter of liquid helium.

B. Sample Preparation

Single crystals were grown from an aqueous solution
of amounts of cobalt and chromium potassium cyanide
appropriate to the chromium concentration desired.
Crystals were prepared with chromium concentrations
of from 0.1% to 2%. Standard crystal-growing tech-
niques were employed to produce crystals of more than
one square centimeter in cross section by three to five
centimeters long.

C. Crystallography

The single crystals had two principle growth habits,
as indicated in Fig. 6, one which produced a crystal
form elongated in the c-axis direction with prominent nz
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faces {110},' the other which produced flat hexagonal
plates with prominent u faces f100}. The correct
orientation was determined from goniometric measure-
ments on the well-formed faces.

IV. EXPERIMENTAL RESULTS

A. Amplifier Characteristics

The operation of the maser as an amplifier was in-

vestigated by applying the input power to the cavity
through a directional coupler as illustrated in Fig. 7.
This arrangement permitted gain-band-width measure-
ments on the reQection cavity type amplifier through
its single coaxial coupling line without the use of a
circulator. The gain was determined by the amount of
attenuation needed in the maser output line to maintain
a constant signal amplitude at the spectrum analyzer.
This additional attenuation in the output line, together
with the ferrite isolator, served the additional purpose
of keeping any power reRected from the spectrum
analyzer from reaching the maser and being reamplified.

The band width was taken as the total frequency

deviation required to reduce the amplifier power output
to one-half its midband value. Band widths were meas-
ured on the spectrum analyzer after calibrating its
frequency axis with the modulating scheme shown in
the block diagram.

The results of the gain-band-width measurements are
shown in Fig. 8. Parametric curves of both gain and
band width are plotted as a function of 9400-Mc/sec
power for two different values of 2800-Mc/sec ex-
ternal g, which was adjusted by means of the degree of
coupling. With still higher external Q it was possible to
achieve gains of 30 db or more with only 1 mw of
saturating power, although the maser would then
oscillate at the larger saturating powers. Stable gains
of 37 db with 25 kc/sec band width were also possible.
In all of these cases the band widths were limited by
the Q of the associated circuitry and not by the intrinsic
band width of the paramagnetic resonance, which here
was in the 30—50 Mc/sec region.

Observations of the gain as a function of input 2800-
Mc/sec power revealed the expected decreased gain as
the difference in populations established by the satu-
rating power is affected by the signal power. There was
no change in gain when the signal power was increased
from 10 " to 10 " watt, but thereafter the gain
diminished and the band width increased.

B. Oscillator Characteristics

The initial investigation of the maser as an oscillator
was made by using a frequency-modulated probing
signal applied to the coaxial coupling line. The fre-
quency of the probing oscillator is swept by the time
base of the oscilloscope and the power rejected from

FIG. 5. Low-tem-
perature head and
double Dewar sys-
tem.
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the cavity is displayed on the y axis as a function of
frequency. In Fig. 9(a) we see the absorption resulting
from the 2800-Mc/sec microwave resonance centered
in the klystron mode pattern. With the magnetic
field adjusted for parainagnetic resonance, the power
reflected from the undercoupled cavity increases,
[Fig. 9(b)). The application of 9400-Mc/sec power
[Fig. 9(c)$ shows how the negative resistance produced
by maser action improves the Q of the cavity, which in
turn improves the coupling although no changes were
made in the coupling loop adjustments. Further increase
of saturating power enhances this effect [Fig. 9(d)$,
and in Fig. 9(e) the maser is beginning to produce power
at 2800 Mc/sec. In Fig. 9(f) the beat signal between
the output of the oscillating maser and the frequency-
modulated probe signal is clearly seen with the video
detector system.

The output of the oscillating maser was also ob-
served on a spectrum analyzer iri the absence of an
input 2800-Mc/sec signal. Maser power out as a func-
tion of saturating input power is shown in Fig. 10. The
eiTiciency, I'c (2800 Mc/sec)/E, (9400 Mc/sec) is also
given. The maximum efFiciency obtained as operated
here was —28.5 db, or 0.14%.

The realization of an oscillator with such small
amounts of saturating power demonstrates the useful-
ness of chromium cobalticyanide as a maser material by
reason of its advantageously long relaxation time. The
relaxation time is not so long, on the other hand, that
the maser will not handle reasonable signal input powers
as an amplifier.
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Fro. 8. Gain and band-width curves of maser amplifIer with
degree of coupling as a parameter.

Bloembergen, Purcell, and Pound, Phys. Rev. 73, 679 (1948);
'A. M. Portis, Phys. Rev. 91, 1071 (1953);A. H. Eschenfelder and
R. T. Weidner, Phys. Rev. 92, 869 (1953).

C. Re1axation Times

The product of the phenomenological relaxation
times, spin-lattice T& and spin-spin T2, were measured
using the power saturation of paramagnetic resonance
technique. 4 Values for T2 were then obtained from line
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width measurement. s, and values of T& subsequently
obtained. Data were taken for the three crystalline
axes, a, b, c, and the three hm, = 1 transitions at 1.25'K.
Although the spin-spin relaxation time varied con-
siderably, the value of T& remained 0.2 second to within
experimental error for all three transitions along the
principal axes. T2 meanwhile took on values from
4X10 ' sec to 9X10 ' sec and was largest for the
—s

r—++artransition at all orientations. The sample
contained 0.5'Po chromium concentration.

where

G= L(1/Q —1/Q )/(1/Q +&/Q ))'

&/Q. = &/Q +&/Qsi

gives the total cavity Q in terms of the unloaded Q and
the magnetic Q resulting from the paramagnetic reso-
nance. The magnetic Q is positive for resonance absorp-
tion and negative for stimulated emission, and the
unloaded Q includes all other losses such as those in

V. DISCUSSION

The gain of a reQection-cavity type maser amplifier,
connected with directional couplers and ferrite isolators
as was done here for measurement purposes, or with a
circulator as would be used for the practical amplifier,
is simply the ratio of the reQected to the incident power.
In terms of the external and total cavity Q's, the gain
can therefore be expressed as

the cavity walls, and the dielectric losses in the salt.
At low temperatures, Q will generally be so large that
it can be neglected in the gain formula. (Our meas-
ured Q was 23 000 at 1.25'K.) When one makes this
approximation and uses the absolute value of the mag-
netic Q, the gain is

G=I:(Q.+ IQ I)/(Q. —IQ-I))'.
The band width of the amplifier is given by the
operating frequency f divided by the loaded Q, which
with the above approximation gives

B=f(1/Q —1/I Q~ I).
Consequently,

G-:B=f(Q.+IQ I)/Q. IQ I (5)

G'B='2f/Q, =2f/I Q3r I. (6)

Hence, as was pointed out by Strandberg, ' the square
root of the gain times band width should be approxi-
mately a constant for a given volume of the salt in a
given cavity configuration. Experimentally, this relation
is obeyed very closely, the value being about 1.8&10'
sec '. By decreasing the external Q, gain can be traded
for band width, but at a considerable sacrifice of the
former. Since the first part of Kq. (6) shows that the

s M. W. P. Strandberg, Phys. Rev. 106, 617 (1957).

For a high-gain amplifier one adjusts the coupling so
that Q, almost equals I Q~ I.Under this condition



SOLI D —STATE MASER AM. PLI F I ER 317

band width of the loaded cavity without the magnetic
material is reduced by GI/2 when it is operating as an
amplifier, it is apparent that heavy coupling is required
for even modest band width.

Equation (3) shows that the gain of a high-gain
amplifier is very sensitive to small relative changes of
Q, and Q3r. As a result, slight changes in coupling or
degree of saturation can change the gain and band
width by large amounts even though G&B remains
sensibly constant. This characteristic also indicates
that the designer of a pulsed-type two-level maser will
have to exercise considerable ingenuity to prevent wide
excursions of gain and band width during the amplifying
period.

An expected theoretical value for the G&B product
can be calculated approximately in the following way:
Expressing the magnetic Q in terms of the cavity
volume V„the average rf magnetic field (H, '), the
operating frequency v», and the magnetically absorbed
or emitted power I'~, we have

where, in Bloembergen's' notation,

+h' V32 fW21V21 W32V821
l~'82

3kT ( W32+W21

At the operating temperature of 1.25'K, the density of
spins in the upper three levels of the chromium quartet
is approximately 10"/cm'. Assuming the w's are equal,
as experimental results indicate, using approximately a
10% filling factor and the relation g(v), = 2T2
(T2=6X10 ' sec), we have for the G&B product a value
2.6X10' sec ', which is in reasonable agreement with
the experimental value, 1.8)&10' sec '.

It is also possible to compare the power output of
the maser oscillator with the theoretically predicted
output. Assuming full and homogeneous saturation of
the resonance at v3~, and a large signal amplitude at v32,
the magnetic power is given by':

P3I —(Eh V82/3kT) (W21V21 W32V82) ~ (10)

Taking X=3.9X10",the population of the upper three
levels at 1.25'K, and w21 ——w32='1/2T1, we obtain the
value 8.7 microwatts, which is to be compared with the
experimentally obtained four microwatts. Cavity and
coupling losses will account for much of the discrepancy
between the two values.

It should be pointed out that a long spin-lattice
relaxation time, which permits amplification with low

in the approximation that one has full saturation at
frequency v» and small power at the amplifying fre-
quency v». The formula for lV», as given by Bloemas

bergen, Purcell, and Pound, ' is

W32 ——«y2(H1/2) 2g(v) (S+M) (S—M+1). (9)
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saturating power, limits in a like manner the maximum
output of the maser as an oscillator.

The operation of a solid state maser of this type places
somewhat stringent requirements upon the paramag-
netic material. At least three energy levels are necessary,
and the paramagnetic ion must be in a field of sufFicient
asymmetry to produce mixed states and allow hm, =2
quantum jumps. Not only should the interionic dis-
tances be great enough to reduce the spin-spin inter-
action to a point where saturation is practicable, but
also there must be a sufficient number of spins partici-
pating in the maser action to overcome the cavity and
coupling losses. Moreover, the residual orbital mo-
mentum should not be too great in order to assure a
long spin-lattice relaxation time at low temperatures.
Further, one would like substantial control over the
separation of the energy levels by means other than
changing the magnitude of the dc magnetic field
(e.g. , by varying the orientation of the magnetic field
relative to the crystalline electric field), in order to
have more freedom in the choice of both saturating and
operating frequencies. These requirements severely
limit the choice of a maser salt among paramagnetic
substances with characteristics reported in the litera-
ture. '7 Of the two working substances investigated in
detail by us, zinc Quosilicate containing a small per-
centage of Xi++ and potassium cobalticyanide con-
taining a small percentage of Cr+++, only the latter
could be used for successful operation of the maser
described here.

The other paramagnetic salt mentioned by Bloem-
bergen, gadolinium ethyl sulfate, was not tried because
it offered much less fIexibility of choice of saturating
and operating frequencies. Moreover, as outlined by

6B. Bleaney and K. W. H. Stevens, Reports on Progress in
Physics (The Physical Society, London, 1953), Vol. 16, p. 108.

7 K. D. Bowers and J. Owen, Reports on Progress in Physics
(The Physical Society, London, 1955), Vol. 18, p. 304.
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Scovil, Feher, and Seidel, ' the relaxation time between
the upper two levels had to be drastically altered in
order to produce oscillations. This further limits the
frequency flexibility. Because of previous experience
with the salt, zinc Quosilicate containing a small per-
centage of Xi++ was first tried by us in a maser designed
to operate at 1400 Mc/sec while saturating at 9000
Mc/sec. We were unable to get this maser to operate
for two main reasons: first, because the spin-lattice
relaxation time is of the order of 10 ' sec, considerable
power is required to saturate the resonance; secondly,
the line width in the diluted salt was inhomogeneously
broadened by a distribution of crystalline electric fields.
As a result of the inhomogeneous broadening only
Ts*/Ts of the paramagnetic spin concentration was
available for participation in the maser action, where
T~* is the time associated with the total width of the
inhomogeneous line.

An attempt to improve the probability of operation
by going to a higher amplifying frequency, 2800 Mc/sec,
was also unsuccessful.

The nickel ion is still attractive, however, from other
points of view. Because it is a spin triplet without
nuclear magnetic moment, ions need not be sacrificed
by distribution over unused energy levels. Its integral
spin 5=1 leaves one level, m, =0, unchanged by the
application of the external magnetic field, thereby
enhancing its tunability. Further work is in progress to
find a suitable salt and diluent for the nickel ion, as
part of a more general program which includes the
paramagnetic resonance spectroscopy of other materials.

Published paramagnetic resonance data reveal few

Scovil, Feher, and Seidel, Phys. Rev. I05, 762 (1957).
J. W. Meyer, Ph. D. thesis, University of Wisconsin, 1955

(unpublished).

salts which appear to be suitable materials for maser
operation. The cyanides were especially attractive be-
cause the reduction of line width by dilution is not
limited by the proton magnetic moment as it is in the
hydrated salts. In the latter case, lines of a few oersteds
width can only be achieved by deuteration. Moreover,
the spin-lattice relaxation time is long, which when
combined with a reduced spin-spin interaction requires
little power for saturation of the resonance.

Thus far, no experimental measurement of the noise
figure of this maser amplifier has been made, but work
is in progress to evaluate this most important charac-
teristic. f
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$ Note added irt proof Aprelimin. a—ry sequence of measure-
ments, giving an upper limit of 20'K for the noise temperature of
the maser, has now been completed: McWhorter, Meyer, and
Strum, Phys. Rev. IOS, 1642 (1957).








