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As an aid in planning a microwave-optical dou-

ble resonance experiment, '~ we have examined

by high-resolution optical spectroscopy the de-
tails of the sharp-line fluorescence of ruby (Cr'+
in Al, o,).

The only transition which appears in the fluo-
rescence of dilute ruby at 4'K is from 'E(E) to
'A, and appears at 6934 A. Selection rules for
this transition have been calculated, ' and par-
tially verified for absorption. 4 The Zeeman le-
vels to be discussed here are those occurring
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for a magnetic field parallel to the symmetry
axis and are shown in Fig. 1.

Figure 2(a) gives the predicted and observed
intensities for a dilute ruby containing about
10 6 Cr per Al, and showing no color. For the
theoretical patterns complete thermalization
among the Zeeman levels is assumed in both
ground and excited states. The figure shows that
the selection rules predicting a 3:2 ratio of com-
ponents o. to y and of 5 to p are confirmed.
Moreover, use of the o. to 5 and y to P ratios
shows that the population of atoms in the upper
Zeeman level of the excited state is only slightly
above that of a Boltzmann distribution. The ef-
fective spin temperature is 1.77'K. If it is as-
sumed (although this is doubtful) that the excita-
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FIG. 1. Energy levels and transition probabilities
for Zeeman levels involved in the resonance lines of
ruby. H~~ c axis.

FIG. 2. {a) Theoretical and observed intensity ratio
of Zeeman components in very dilute ruby sample
(white sapphire). H =30000 gauss; T=1.58'K. (b)
Theoretical and observed intensity ratio of Zeeman
components in ruby containing 0.05k Cr203. 8 =30 000

gauss; T =2.1'K.
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tion process populates the two levels equally,
and that the actual population is obtained by a
balance between spin-lattice relaxation and ra-
diative decay, the spin-lattice relaxation time is
about 2x10 4 second. Also the crystal may have
been heated above the helium bath temperature
by the exciting radiation, so the actual relaxa-
tion time may be somewhat less. In any case,
it seems that there is nearly complete thermali-
zation between the Zeeman levels of the excited
state during its relatively long lifetime of several
milliseconds.

The great disparity between calculated and ob-
served intensities for a ruby containing 0.05~/o

Cr, O, by weight is shown in Fig. 2(b). This dis-
parity is explained by self-absorption which dif-
fers from one component to the next because of
the Boltzmann population distribution of the
ground- state levels. Thus component n termi-
nates on the ground level (m = -3/2), which is
populated by 85 /0 of the atoms and is strongly
absorbed. At the other extreme the component
5 terminates on the+3/2 level, which is 8.3 cm '
above it, and contains only 0.3 ~/o of the atoms,
so that 5 is much less absorbed. While self-
absorption is often encountered in gaseous lumi-
nescence, it is seldom possible for a gas to be
cold enough to have appreciably different popula-
tions in individual Zeeman levels.

Quantitatively, we find that an absorption coef-
ficient of about 25 cm ' for the n component pro-
duces satisfactory agreement with the observed
intensity ratio of y to a in the 0.05/0 ruby spec-
trum. A direct absorption measurement at 77'K,
where only half of the atoms are in the +3/2 state
and line widths have increased from 0.25 to 0.32
cm ', gave 0=13 cm ' in good agreement. The

radiative lifetime of the excited state was also
measured in the very dilute sample, and in finely
divided and dispersed 0.05/q ruby, and was found
to be 4.3 +0.3 milliseconds. This gives an oscil-
lator strength f= 7.5x10 ' for the same transi-
tion, which then gives k = ll cm ' for 0.05% ruby.
This satisfactory agreement indicates that the
observed lifetime is indeed predominantly radia-
tive.

It has been possible in the 0.05 /g ruby to ob-
serve for the first time in a solid the trapping of
resonance radiation. At 77 K the radiative life-
time is found to vary smoothly from 4.3 x10 '
second for a fine, dispersed powder to 15x10 '
second for a whole boule, a very long lifetime.
The observation of trapping confirms the predom-
inantly radiative character of the decay of the
excited state, and the strong self-absorption of
the resonance radiation. The ratio of lifetimes
with and without trapping is only about 4, show-
ing that other modes of decay such as radiation
in vibrational sidebands and nonradiative pro-
cesses also occur.

We are indebted to D. G. Thomas for the use of
his spectrograph and magnet, to A. M. Clogston,
S. Geschwind, and S. Sugano for helpful discus-
sions, and to G. E. Devlin for extensive experi-
mental assistance.
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We have observed paramagnetic resonance in
an excited metastable state of Cr'+ in Al, O, by a
method of optical detection which should have
wide applicability to the general problem of
studying paramagnetic resonance in excited
states of ions in solids. This method makes use
of the selective reabsorption in the ground-state

Zeeman levels of the fluorescent light from the
excited states in solids at very low tempera-
tures. ' Referring to Fig'. 1 of the preceding
Letter, ' at 1.6'K, the lower of the two Zeeman
levels of the excited state E('E) will be much
more heavily populated. Let us first assume
there is no reabsorption so that the theoretical
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