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fined by E,.) The echo formed in this case can
be shown to have polarization properties ob-
served here. However, for SF, high-resolution
(-0.3 cm ') absorption spectroscopy shows that .

the CO, laser transition at 944.15 cm ' falls 2-
3 cm ' away from the line center toward the low
frequency or P branch (b,J= —1) components of
the vibrational band. The absorption line ap-
pears to consist of two superimposed vibrational
bands. The temperature dependence of one of
the overlapping absorption peaks points towards
its arising from a "hot" band v, - v, +v, . The
temperature-independent band is identified as
the fundamental v, band. The Q-branch central
peaks appear at 946.7+ 0.3 cm ' for the v, -v3
+v, transition and at 947.6+ 0.3 cm ' for the
fundamental v, transition. Thus the laser at
944.15 cm ' probably coincides with a P-branch
transition with a J quantum number between 5
and 50. For large J, the rotational motion can
be considered classically. The vibrational mo-
tion for a P-branch transition can be considered
as a two-level quantum system and would result
in an induced dipole perpendicular to the classi-
cal angular momentum J. This semiclassical
model is an interesting way to study the echo
formation, but probably does not accurately de-
scribe the lower J values of interest for SF,.
Details of these models and their relation to the
echo formation and self-induced transparency'
in SF, will be published elsewhere.

In conclusion we have shown that photon echoes
can be observed in gases for vibrational-rota-
tional transitions. The echo amplitude decay

gives an accurate measure of T, ' and dephasing
collision cross sections for the particular levels
excited. By using shorter pulses, it should be
possible to investigate relaxation phenomena in
smaller volumes of samples at higher gas pres-
sures. This may be a versatile means of study-
ing dynamic processes in nonequilibrium gases
and gas mixtures. Although the photon-echo
technique is limited, at present, to a few coinci-
dences of absorbing transitions and laser fre-
quencies, tunable lasers may, in the future,
make photon echoes a valuable experimental
technique.
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We report here on observations of photon ech-
oes'~2 in ruby as a function of input laser-pulse
intensity. These results are used to estimate
the average degree of excitation of the ruby sam-
ple. The echo intensity is then studied as a func-
tion of external magnetic field orientation for
various degrees of excitation. It is therefore
possible to make an independent test of the va-
lidity of a tentative' model for echo dephasing.

Photon echoes, the optical analog of spin ech-
oes, ' are observed from a 0.03'%%uo-Crs+ sample
at 2.2'K after excitation by two ruby-laser puls-

es, originating from a liquid-nitrogen cooled
source. The apparatus used has been previous-
ly described, ' ' with the important addition of
two optical attenuators (train of polarizers)
which are inserted into each pulse path. These
are critically selected and adjusted so that re-
producible changes of intensity are possible
without impairing the image overlap of the two

pulses on the ruby sample.
Previous calculations' have predicted the func-

tional dependence of the echo intensity on the in-
put intensity. For two pulses, incident at direc-
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tions k, and k, the echo radiates in direction k
=2k —k~ with a.n intensity

f(k) = +NI (k) sins8 sin~8

x(NI[expi(k+4 -2k ) ~ f'] i'-1).
2 av

The degree of excitation of the two-level sys-
tem is determined by the integrated pulse ampli-
tude
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where y is the "gyroelectric" ratio and F. is the
optical electric field amplitude. The exponen-
tial factor summed over the sample results in a
directional pulse.

Figures 1(a) and 1(b) show, respectively, the
result of varying the first and second pulse inten-
sities plotted as a function of I for the former
and I' for the latter. One observes a linear de-
pendence in the region sin'8, =8, , or sin 82

= 82, respectively, in agreement with the above
predictions, with departures at higher intensi-
ty, indicating that a significant superposition of
excited and ground levels occurs in our sample.
At higher intensities, the curves cannot be fitted
well with the theoretical functions because of
the multimode nature of the source and the non-
uniformities in the laser-beam cross section.
The echo signal is the sum of contributions from
several modes, since the system does not itself
select a favorable mode as in the induced trans-
parency experiments. '~

With these results as an average intensity cali-
bration, we have tested the echo dependence on
magnetic field orientation with respect to the op-
tic axis, as a function of the incident pulse inten-
sities. It had been shown'~' that a small exter-
nal magnetic field parallel to the optical axis en-
hances the photon-echo signal. A tentative mod-
el'~' based on nonisotropic Cr + g factors, on
Cre+-Al interactions, and on the relative super-
position of ground and excited levels produced
by the incident pulse was proposed to account
for the dephasing observed as function of mag-
netic field strength, field orientation, and pulse
separation. Although difficulties with this mod-
el have been pointed out, 'y' the present experi-
ment makes a direct experimental test of the de-
phasing dependence on the relative superposi-
tion of the 'A, and '&(E) levels in ruby. The de-
phasing was based on the forced precession of
Al nuclei arising from the reorientation of the
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Cr electronic spin, with a resulting modulation
of the photon-echo states by the time-dependent
magnetic fields at the Cr site. This change in
local field depends approximately on sin(y'-g),
where y and y' are the spin orientations with re-
spect to the optic axis before and after the first
pulse, and the angular dependence of the echo on

8, is given to a first approximation by

sin2&8, sing.

Figure 2 shows the photon-echo signal as a
function of field orientation with respect to the
sample optic axis for various first-pulse intensi-
ties, o-. 8,', as calibrated by Fig. 1(a). The total
field was maintained at a constant 200 G. We
note that echoes are observed out to essentially
90' field angle (for fixed pulse separation,
=43 nsec). To within an experimental uncertain-
ty of +15%, the slopes of the curves for a number
of different runs are independent of intensity at
high intensity as well as in the region of sin8,

Similar results have also been observed
as a function of second-pulse intensity. This
constitutes independent experimental evidence
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FIG. 1. (a) Echo intensity versus I~, the first pulse
intensity. (b) Echo intensity versus I2, the square of
the second pulse intensity. The external 200-6 field
was parallel to the sample optic axis.
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that pulse-induced dephasing is not important
here. The magnetic field effects are believed
to be due to Crs+-Al interactions, ~' and the de-
tails remain to be calculated.

The technical assistance of Mr. Fred Rachford
is gratefully acknowledged.
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FIG. 2. Angular dependence results for several in-
put intensities I&, as calibrated by Fig. 1(a), where Io
corresponds to an average 8& of the order of ~7t. Re-
sults from repeated runs show the slope to be indepen-
dent of input intensity to within an uncertainty of +15%.
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From NMR relaxation studies, experimental and theoretical evidence is obtained for
electron-spin pair-correlation effects in paramagnets.

Nuclear spin-lattice relaxation caused by indi-
rect hyperfine coupling between paramagnetic
spins and the nuclei of nonmagnetic ions has
been studied in the paramagnetic state of magnet-
ically ordered systems. These measurements
were made at sufficiently high temperatures for
critical fluctuation phenomena to be unimportant.
Direct measurements of the spin-lattice relaxa-
tion time (T,) were made on the AP' nuclei in the

XA1, (X=rare earth) intermetallic compounds us-
ing transient techniques. An unexpected but sub-
stantial temperature variation of T, of Al" is ob-
served at high temperatures. It is also noted
that a large, and as yet unexplained, temperature
variation of the F'9 linewidth (bH. 1/Tm 1/T, )
exists well above T~ in MnF, . We will demon-
strate that both the sign and magnitude of the
temperature dependences are associated with
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