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MICROWAVE GENERATION IN RUBY DUE TO POPULATION INVERSION PRODUCED
BY OPTICAL ABSORPTION

D. P. Devor, I. J. O'Haenens, and C. K. Asawa
Hughes Research Laboratories, Malibu, California

(Received April 30, 1962)

Microwave amplification and generation by the
stimulated emission of radiation (maser) were
observed in ruby as a result of population inver-
sion produced, 'in the ground state of Cr' by the
absorption of tPe coherent optical emission from
a second ruby (optical maser). The maser crys-
tal was oriented in a magnetic field of about 6700

Oe to obtain a transition between a ground A,
Zeeman sublevel and an excited Z('E) Zeeman
sublevel which would match a spectral compo-
nent of the output of the optical maser. The ar-
rangement of the experimental apparatus is shown
schematically in Fig. 1.

Detection of the interaction of optical and para-
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FIG. 1. Arrangement of experimental apparatus.
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magnetic transitions in the sharp line spectra of
ions in crystalline solids has been accomplished
previously through the observation of the effect
of the paramagnetism on the optical signals. '
%ieder' attempted to directly detect the effect
on paramagnetism of depopulation in the A,
state in ruby due to the absorption of the R-line
fluorescent light. Since the optical spectrum of
the ruby optical maser results from R-line emis-
sion, the optical maser offered a considerably
better optical source (in terms of collimation,
spectral purity, and power output) for such an
experiment, not only to detect perturbation of
the ground-state populations, but also to pro-
duce population inversion.

D'Haenens and Asawa4 have observed stimu-
lated optical emission in ruby to shift to longer
wavelengths from the fluorescent emission. In
the present experiment, the optical-maser crys-
tal, initially cooled by conduction to liquid-heli-
um temperature, produced a pump signal of
6934.188 A (air wavelength) from the E( E)
+ 2(4A2) transition (spin states correspond to
high-field assignments). The optical-maser
output was unpolarized.

The separation of the E(2E) and the +-', (A2)
states in the maser crystal was taken as the
fluorescent wavelength of 6934.082 A at 4.2'K.
The g value of the E Kramers' doublet was ob-
tained from the work of Geschwind, Collins, and
Schawlow, ' and the Zeeman structure of the ~A2

ground state was known from the analysis of
Chang and Siegman. ' From their data we calcu-
lated that the magneti. c field at an angle of 67 de--
grees, with respect to-the crystalline c axis, split
the E and ~A2 states a;s shown in Fig. 2(a). At
6700 Oe, the +-,'(E) ~+—,'(4A, ) transition matched
the E ~ +-,'(4Am) component of the optical-maser
spectrum, —since the latter transition was 0.22
cm ' less than the fluorescent wave number in
zero field. The +2(A2) ~+—,'(4A2) microwave tran-
sition occurred at 22.4 Gc/sec. Figure 2(b)
shows a comparison of the fluorescence and op-
tical-maser emission spectra under approxi-
mately such conditions. The spectral agreement
of the -—,'(E) ~+—,'(4Am) transition in fluorescence
with the lower energy optical-maser line indi-
cated that the magnitude and orientation of the
magnetic field were not particularly critical.

The microwave resonant structure consisted
of a section of 0.050- by 0.130-inch waveguide
which was beyond cutoff at 22.4 Gc/sec and was
partially loaded with a 0.078-inch length of ruby.
The structure acted as a ruby-loaded microwave
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reflection cavity resonant at 22.4 Gc/sec in a
perturbed Tippy mode. At liquid-nitrogen tem-
perature, the quality factor Q, of this structure,
exclusive of magnetic losses and external circuit
losses, was about 1600. The filling factor was
calculated to be 96%.

The conditions for power gain and/or oscilla-
tion in a solid-state maser are given by Bloem-
bergen in terms of the magnetic quality factor
Q~. To overcome the microwave circuit losses,
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FIG. 2. Comparison of the spectra of ruby in fluo-
rescence and in stimulated emission under conditions
suitable for optical pumping. (a) Zeeman structure of
Cr3 ruby. The crystalline c axis is oriented at 67
degrees with respect to the magnetic field. The g
factor of the E state is 0. 956-, as given by Geschwind '

et al. 2 (b) Comparison of spectrographs of- ruby in
fluorescence (upper eight lines). arid in stimulated emis-
sion at a temperature of 4.2'K. The fluorescence was
observed with the c axis.at 70 degrees with respect to
a magnetic field of 6500 Oe. The short line is the
neon reference in ninth order corresponding to A.

= 6934.0831 A. Spectra were taken with a special
Harrison grating.
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of the dielectric constant of sapphire and a
slight misalignment of the crystalline c axis
from the rectangular axis of the cut crystal. The
maser was occasionally observed to amplify in
both modes simultaneously, although not with
equal gain.

With the technique described here, amplifica-
tion and oscillation at frequencies considerably
higher than 22.4 Gc/sec are possible; thus, a,

brief examination of the energy levels of ruby
indicates that amplification at 57 Gc/sec in a.

magnetic field of 21000 Oe could be obtained.
In addition, the excited state can be selectively
populated to allow direct observation of para-
magnetic resonance in this state. Furthermore,
maser gain was observed for some time after
the loss of the liquid helium in the maser Dewar,
thus indicating the possibility of operating at
temperatures higher than 4.2'K.

The efficacy of the optical maser in an optical-
pumping experiment was, to our knowledge, first

considered by T. H. Maiman and R. H. Hoskins.
Considerable help with the microwave resonant
structure was obtained from J. E. Keifer and
F. E. Goodwin.
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