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Gain-Feedback Approach to Optical Instabilities in Sodium Vapor
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The gain-feedback approach to lasing and optical instabilities has been applied to sodium vapor driven
by a nearly resonant intense field. The observed lasing frequencies agree with the two-beam-coupling
gain curve calculated for a Doppler-broadened two-level medium. Rayleigh-gain lasing is seen for no
external cavity with use of counterpropagating beams, and Raman-gain lasing is seen in a ring cavity.

PACS numbers: 42.65.Ma, 32.80.Wr, 42.50.T}j, 42.65.Ky

Silberberg and Bar-Joseph'™ have analyzed the onset
of an optical instability as the simultaneous occurrence
of sufficient gain and feedback to permit lasing at a new
frequency.’ The instability observed on the transmitted
light is then merely the beat between the pump field and
the newly generated “lasing.” We have used this gain-
feedback approach in sodium vapor* using the Rayleigh
gain to generate sideband lasing displaced from the driv-
ing laser field by 8 to 14 MHz. Raman-gain lasing is
also seen, but it is displaced by the on-resonance Rabi
frequency, typically 4 GHz or less here, rather than by
the effective Rabi frequency which is larger because of
the detuning. The new observations are Rayleigh-gain
lasing with no external mirrors with use of counterpro-
pagating pump beams,* Rayleigh-gain lasing without a
foreign gas,® and Raman-gain lasing in a ring cavity.

The pump-probe or two-beam-coupling gain curve for
a stationary Na atom has already been derived”® and
verified.” Here we adopt the nomenclature of Haroche
and Hartman’ and refer to the dispersion-shaped reso-
nance at the laser frequency v, as “Rayleigh” (called
1/T, in Ref. 4) and the gain peak at v; — vgg as “Ra-
man” (sometimes called Rabi* or three-photon!'® gain).
Here the effective Rabi frequency is vgg=(|&v. |2
+v&) 72, where vg is the on-resonance Rabi frequency,
évp=v; — vy, and v is the two-level-atom frequency.
For moving atoms, one must integrate this curve over the
velocity distribution; this has been expressed as easily
calculable sums of plasma dispersion functions.''~!* Fig-
ure 1 compares the detuned stationary-atom curve in
Fig. 1(a) with the Doppler-broadened curve in Fig. 1(b)
showing the ac Stark shift of the absorption peak and the
shift and broadening of the Raman gain. The peak of
the Raman gain occurs at a frequency v given by
v=yv; & vgg for a stationary atom, where * is given by
Svi/|6vy|. For moving atoms and when the Doppler
broadening is roughly equal to §v;, as in Fig. 1(b), the
Raman gain is much broader and its peak shifts to al-
most v —vr. In contrast, the Rayleigh gain is Doppler
free and hardly affected. Lasing will be described on the
basis of these two gain mechanisms with use of two
different feedback configurations.

The experimental apparatus consists of a cw ring dye

laser and sodium cell. The =900-mW single-mode out-
put power of the dye laser is diffracted from an acousto-
optic Bragg cell so that any feedback is shifted by 80
MHz and has no effect on the dye-laser frequency. The
beam is then spatially filtered, collimated, and focused
by a 30- or 45-cm focal-length lens into the sodium with
a maximum of 700 mW reaching the Na. For most of
the measurements the Na cell was a flow cell with a 9-
mm length of the Na; the argon pressure was usually
=0.3 Torr. A 10-cm evacuated quartz cell was used to
show Rayleigh-gain lasing at zero pressure. Beat fre-
quencies up to 300 MHz could be observed with a photo-
diode and a Hewlett-Packard model 8568B spectrum
analyzer. A Fabry-Perot interferometer (flat mirrors
with R=0.98) was used to study lasing at frequencies
differing from v, by more than 100 MHz. The detuning
dvy is measured with Lamb-dip spectroscopy, and zero is
defined as the center of the strongest (here the nearest)
hyperfine transition.

For the counterpropagating-beams case, 300-mW
beams were focused by two 30-cm focal-length antire-
flection-coated lenses; see Fig. 2 inset. Two new observa-
tions with counterpropagating-beams distributed feed-
back (DFB) were made: an optical instability by means
of Rayleigh-gain lasing with no external cavity, and
Rayleigh-gain lasing with zero foreign-gas pressure. The
observation of mirrorless self-oscillation (i.e., lasing) is
shown in Fig. 2. The zeroth-order DFB modes of our
short samples are broad and essentially flat over the
Rayleigh-gain region which peaks at about 10 MHz
from v;; consequently, lasing occurs at the peak of the
gain curve. The lengths L here, 0.9 cm for the flow cell
and 10 cm for the quartz cell, are both short compared
with the long lengths proposed in Ref. 4, where the
next-higher-order DFB mode at ¢/2L is made to coin-
cide with the Rayleigh-gain curve. Mirrorless lasing was
reported previously in the pulsed regime in semiconduc-
tor crystals; because the processes were frequency degen-
erate, a small angle was required between the counter-
propagating pumps in order to distinguish the lasing.'
Here, the ==10-MHz frequency shift facilitates detection
by the heterodyne technique even for exact counterprop-
agation. Note that the generation mechanism for
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FIG. 1. Calculations (Ref. 11) of (a) the stationary-atom
and (b) the Doppler-broadened probe-gain profiles for an in-
tense pump at v, detuned by v, —vo=—2.6 GHz (defocusing
side) from the low-field line center vo. The Rabi frequency is
vk =2.4 GHz and the argon pressure 0.3 Torr. The abbrevia-
tion ‘“a.u.” stands for “arbitrary units.” (a) The well-known
ac-Stark-shifted absorption at v+ vre. The 500X enlarge-
ment at the left shows Raman gain (peak value 14) at v; — vrg
and Rayleigh gain peaked at about (2zT;) ~! to the right of
ve. (b) For a Doppler width of 2 GHz, one sees that the high-
intensity absorption (solid curve) is shifted from the low-
intensity absorption (dashed curve). [The 10x enlargement at
the left has the same scale as the enlargement in (a), showing
that the Rayleigh gain near v, is hardly affected.] But the Ra-
man gain has a lower peak and greater width enabling several
modes to lase as shown in Fig. 3.

Rayleigh-gain lasing at vy +f is a two-beam coupling,
but nearly degenerate four-wave mixing results in v; — f
in the counterpropagating-beams case.

The second DFB observation, namely Rayleigh-gain
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FIG. 2. Time dependence and power spectrum of one of the
counterpropagating pump beams after passing through the
sodium vapor for Svi= —2.6 GHz (defocusing side). The
f=10.5 MHz beat frequency arises mostly from lasing at the
peak at vi+f of the Rayleigh gain and from emission at
ve — f; the 21-MHz peak is the beat between v, — f and v, +f.
Inset: Geometry of the counterpropagating pumps (solid ar-
rows) and Rayleigh lasing (dashed arrows).

lasing without foreign gas, was performed in the evacu-
ated 10-cm Na cell. It emphasizes that a closed system
(i.e., no collisions and no decay to an external reservoir)
with large detuning can exhibit Rayleigh gain. In terms
of a perturbation-expansion susceptibility, Rayleigh gain
occurs in fifth order with no foreign gas and in third or-
der with foreign-gas pressure.®>'"!? Thus the zero-
pressure Rayleigh-gain lasing requires more pump power
than with pressure. This may explain why Grandclé-
ment, Grynberg, and Pinard!’ observed Rayleigh lasing
only with pressure using Na in a ring cavity. '°

For the ring-cavity experiments, three highly reflecting
flat mirrors and two 30-cm focal-length antireflection-
coated lenses were used to form a ring cavity for the las-
ing with L =98 cm; see Fig. 3 inset. The input was fo-
cused by a 45-cm lens, resulting in a 112-um waist
w [I=Isexp(—=2r%w?)] in the Na. Since the pump
beam passes through the Na in only one direction, there
are no counterpropagating beams. Lasing occurs in only
one direction in the cavity, namely in the forward direc-
tion with respect to the pump, because of the Doppler
effect. In the case of a probe beam propagating in a
direction opposite to the pump beam, the averaging over
the velocity distribution reduces the gain strongly. For
évy = —4.1 GHz, the Raman-gain lasing at v begins at
vi —v=4 GHz, just slightly larger than the vg=3.7
GHz calculated from the 680-mW input power, the
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FIG. 3. Raman-gain lasing in Na in a ring cavity (see inset)
for vy = —2.6 GHz (defocusing side). (a) Fabry-Perot spec-
trum showing laser light (injected external to the ring cavity)
at v—v; =0 and lasing of four Raman-gain ring-cavity modes
for v—v, = —3 GHz. (b) Raman-gain calculated curve from
Fig. 1(b). [Note that the arbitrary units (“a.u.”) here are 8
times those of Fig. 1(b)].

112-um waist, and the dipole moment® of Na. This 4-
GHz shift of the Raman lasing from v, is much less
than the 5.7 GHz it would be if the atoms were station-
ary. Because of the broadened gain curve, several longi-
tudinal modes of the ring cavity may be above the Ra-
man lasing threshold, as shown in Fig. 3(a) for
dvy = —2.6 GHz. The mode spacings range from 240 to
270 MHz, different from ¢/L =306 MHz because of
dispersion. Comparison with the calculated plane-wave
gain curve is made in Fig. 3(b), where vg =2.4 GHz
gives a better fit because of absorption and defocusing.
The lasing has a waist of only 67 um in the sodium and
makes an angle of about 0.9 ° relative to the pump beam,
so that it uses the gain in the uniform portion of the
pump beam. This justifies the use of the plane-wave gain
curve. Rayleigh-gain lasing in the ring cavity was also
seen, as already reported by Grandclément, Grynberg,
and Pinard.'® It is interesting to note that two-beam
coupling is common in photorefractive crystals. In fact,
Rayleigh-gain lasing has been seen with use of a bismuth
silicon oxide (BSO) photorefractive crystal in a ring cav-
ity; the peak is shifted by only about 30 Hz.!” The non-
local photorefractive effect (diffusion limit) gives one n/2
phase shift, and the grating reflection for the Bragg con-
dition gives another n/2 phase shift; together they add to
the = phase shift needed for optimum transfer. Here
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there is no transfer for v=v; because the detuned two-
level-medium polarization is local and in phase with the
stationary light grating. But for a probe detuned by
about 10 MHz, the light grating moves, causing the Na
polarization to lag behind just enough to make the scat-
tered beam in phase with the probe, as needed for the
most efficient transfer.

Note that the ring-cavity lasing observed here is uni-
directional, so that counterpropagation'® instabilities do
not occur. Both the ring-cavity and counterpropagat-
ing-beams lasings observed here have the same linear po-
larization as the pump(s), and so the polarization insta-
bility of Gaeta et al. and Kaplan and Law!® did not
occur. In fact, they use a nonlinear-medium description
that does not apply to sodium vapor, as pointed out by
Ducloy and Bloch. %

A signal field oscillating at v3=v;+f may interact
with the strong field at v, to generate by forward four-
wave mixing a field at v4=2v; —v3=v — f, or vice ver-
sa.!%222 If the signal wave travels at an angle 0 relative
to the pump wave, then the generated wave will travel in
the direction dictated by phase matching (roughly —6
for 6=0.9°).2! Consequently, the ring-cavity emission
does not include the complements of the Rayleigh and
Raman lasings; however, those emissions are seen outside
the cavity at the phase-matched angle. But in the
counterpropagating-beams case, emissions are seen at
both v, * f because the beams are essentially collinear
(see Fig. 2) and both backward and forward four-wave
mixing can contribute.

In summary, the gain-feedback approach is a stimulat-
ing alternative to direct probe-absorption measurements.
Even more importantly, it is a powerful tool for the study
of the onset of optical instabilities. One can even manip-
ulate the frequencies of the instabilities by controlling
the interplay between the gain and feedback frequency
profiles.
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FIG. 2. Time dependence and power spectrum of one of the
counterpropagating pump beams after passing through the
sodium vapor for 8vy= —2.6 GHz (defocusing side). The
S=10.5 MHz beat frequency arises mostly from lasing at the
peak at vi+f of the Rayleigh gain and from emission at
ve — f; the 21-MHz peak is the beat between v, — f and v, + .
Inset: Geometry of the counterpropagating pumps (solid ar-
rows) and Rayleigh lasing (dashed arrows).
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FIG. 3. Raman-gain lasing in Na in a ring cavity (see inset)
for vy = —2.6 GHz (defocusing side). (a) Fabry-Perot spec-
trum showing laser light (injected external to the ring cavity)
at v—v; =0 and lasing of four Raman-gain ring-cavity modes
for v—v.= —3 GHz. (b) Raman-gain calculated curve from
Fig. 1(b). [Note that the arbitrary units (“a.u.”’) here are 8
times those of Fig. 1(b)].



