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We propose a linewidth-narrowing mechanism in lasers by nonlinear absorptive wave mixing of the counterprop-
agating beams in the cavity. We give a theoretical analysis and report on a demonstration of the effect with
an erbium-doped fiber laser. The system also exhibits bistability in the dependence of the oscillation intensity

versus pump power.

Coupling between the counterpropagating waves in
laser amplifiers gives rise to spatial hole burning and
cross saturation effects, which reduce the laser os-
cillation quality and its coherence.!® Insight into
these effects can be obtained in two ways: first, by
consideration of the reflections of the counterpropa-
gating waves from the saturable gain grating that
they induce as a result of their interference pattern.
These reflections are 180° out of phase with their cor-
responding copropagating waves®* and interfere with
them destructively, thus providing a negative feed-
back. This in turn tends to eliminate the grating by
a reduction of the coherence of the waves producing it.
Alternatively, it can be verified, as shown below, that
in most of the interesting cases a spatially uniform
distribution of light intensity in saturable gain media,
corresponding to mutually incoherent counterprop-
agating beams, provides more amplification for the
waves that create the saturation than does nonuni-
form distribution of the gain (i.e., the gain grating
induced by the standing-wave pattern of mutually co-
herent beams with the same intensity average). The
reason is that where the intensity is high the satu-
ration decreases the gain, whereas where the gain is
unsaturated it is ineffective because the intensity is
low. Therefore more gain can be achieved for less
coherent waves, as interference is reduced. More-
over, this interference enhances the buildup of a third
signal wave with a different frequency (i.e., another
mode). Such a signal experiences higher amplifica-
tion compared with that of the first pair of waves
that provides the interference and the nonuniform
periodic gain distribution, since the overlap between
the intensity and the gain grating patterns is higher.
This is a reason for the tendency to multilongitudi-
nal mode oscillation of lasers. In the grating picture
this regime corresponds to the situation in which the
Bragg condition is not met and the reflections are
eliminated.

The main purpose of this Letter is to present and
analyze a mechanism that can be used to flip the sign
of the effect of wave mixing, such that it will work in
the desired direction of improving the laser oscilla-
tion quality and reducing the linewidth. This goal
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is accomplished by use of a saturable absorber in the
laser cavity. Then the nonlinear wave-mixing effect
is opposite its role in the saturable gain case. Here
the reflections from the induced saturable absorbing
grating are in phase (compared with the 180° phase
in the saturable gain case) and provide positive feed-
back. Similarly, it can be shown that the absorption
is lower when the light intensity has a nonuniform
periodic distribution along the saturable absorber,
compared with that of the uniform case. Therefore
interference that produces a standing wave in the
cavity will lead to improved coherence and promo-
tion of single longitudinal mode operation. The ef-
fect on a third signal wave with a different frequency
is also opposite, and the absorption is higher, for the
nonuniform distribution case. Here the third wave
will be phase mismatched with the induced maxima
and minima of the periodic distribution in the sat-
urable and will suffer higher loss. This provides the
tendency to eliminate other modes.

Of course, for oscillation to be obtained the cav-
ity must contain an amplifying section. To reduce
its deleterious effect on the linewidth, one must sup-
press the wave mixing in the gain section. This can
be done, among other ways, by arranging the cavity
such that the polarizations of the counterpropagating
beams will be perpendicular in the gain section and
parallel in the absorber.. The two *+45° polarization
(Faraday) rotators and the polarizer in Fig. 1 satisfy
this need.

Saturable absorbers are widely used in laser
cavities for passive mode-locking purposes. Their
lumped saturation feature drives the laser to pro-
duce pulses, where the light energy bunching in the
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Fig. 1. Laser system with the saturable amplifier (S-Am)
and the saturable absorber (S-Ab). PR’s, 7/4 polariza-
tion rotators; P, polarizer; M’s, mirrors.
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time axis lowers the losses. In the present study
we use a distributed saturable absorber and induced
wave mixing to enhance periodic bunching in the lon-
gitudinal spatial dimension, affecting the frequency
domain and driving the laser to narrow linewidths
and more coherence. (Previously we showed that
a saturable absorber causes spatial bunching and
nonuniformity in the transversal plane of an oscil-
lating beam.’) Our saturable absorber, the erbium-
doped fiber, cannot be used for passive mode locking
because of its long time response (~10 ms) compared
with the cavity round-trip time.

We give here a brief theoretical analysis of the
laser system shown in Fig. 1, which in addition
to saturable gain includes a saturable absorber.
We follow the work by Agrawal and Lax® and use
the intensity-dependent susceptibility y = yo(1 +
i9)/(1 + Q2 + I/I,), which can be taken as a good
approximation for the three-level system of erbium-
doped fibers® used in our experiments. () is the
frequency detuning from resonance, and I, is the
saturation intensity, which for the saturable gain
depends on the pumping power. For the gain or the
absorption expressions we replace y, by positive or
negative 7y,, respectively. We extend the analysis
of Ref. 3 to multiple N pairs of counterpropagating
beams (denoted j = =1, =2,... +N) along the *z
axis of the cavity, having amplitudes A.;, and find
the coupled-wave equations

dA.;  *y(1+ iQ)[A
*j =

_ ‘a — (a — b2)¥2 ﬁ ,
dz 2(a? — b2)12

2 Ctj
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where the plus and the minus signs correspond to the
right- and left-propagating beams, respectively, a =
1+ 0%+ 3Ly + I-)/1, I.; = A A%, C,; = C¥, =
Sy AL A exp(i®;)/I,, ® = DY + 2k; — ky)z, k;
is the wave number, (I)?jl for Q = 0 is the relative
phase at z = 0 (which depends on the location of
the saturable medium in the cavity), and, for Q #
0, ¢jjf = phase(AjAﬁ_‘j - Aj/Af]'/) and b = 2|C:Jl For
the mutually incoherent beams, where the gratings
are eliminated, b = 0.

From Eq. (1) we can obtain the following conclu-
sions: (a) When the counterpropagating beams are
mutually incoherent, the second term in the equa-
tion vanishes, but the absolute value of the prefactor
slightly decreases. In most cases of interest, how-
ever, coherence and coupling reduce the absorption
or the gain. (b) The influence of one pair of mutu-
ally coherent counterpropagating beams (say, j = 1)
on another pair (j = 2) (which may represent a signal
beam and its reflection or another mode in the laser)
is given through & and C.; in the equation for A.,
[Eq. (1)]. However, when the two pairs have differ-
ent frequencies and the Bragg condition is not met,
the effect in the second term in the equation with
the factor exp{i[®3, — 2(k; — k;)z]} is canceled in the
integration because of the phase mismatch. Then
the prefactor yo/(a®? — b2)Y2 shows that the existence
of a grating induced by the first pair (b # 0) raises
the absorption or the gain for the signal or a second
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Fig. 2. (a) Reflectivities from the saturable absorber
with the mirror (the left half of Fig. 1) with yol = —2
and a mirror reflectivity of 95% for the following cases:
one pair of counterpropagating beams (i) with mutual
coupling and interference and (ii) without coupling; (iii) an
extra signal beam, affected by the grating of the first pair,
where the signal has the same frequency but is 180° out
of phase; and (iv) for a signal out of the Bragg matching
frequency. I, is the intensity of the input beam I_; for
(i) and (ii) and is an added small-signal intensity for (iii)
and (iv). (b) As in (a) but for the saturable gain case
(vol = 2), and the input here in (i) and (i) is I.;.

mode. (c) For a signal with a degenerate frequency
(Bragg matched), the relative phase ®,; determines
whether the signal experiences lower (®;; = 0) or
higher (&, = 180°) absorption or gain. This causes
a further elimination (in the absorption case) or pro-
motion (in the gain case) of modes, even in the Bragg
regime. One can also obtain a simple understand-
ing from the approximate coupled-wave equation by
expanding y(I) for I.; << I, in a way similar to that
in Ref. 4, in which the role of the grating and the
reflections are clearly seen.

For an analysis of the system in Fig. 1, the coupled-
wave equations are separately solved for the two
sections, the amplifier and the absorber, and the
effective reflectivity for each part (the right- and
left-hand sides of Fig. 1) with its attached mirror is
obtained. The amplifier pump power and hence I,
are taken to be constant along the gain section. The
results in Figs. 2(a) and 2(b) show the main points
discussed above: We see the difference between ab-
sorbing and gain media; the mutual effect of a pair
of beams with and without coupling (for the case in
which coupling exists in the gain section, the polar-
ization rotators in Fig. 1 are removed); and the effect
of such a pair on another pair (small signal with its
reflection, or another mode) without and with Bragg
matching for relative phases of ®3, = 0° (which is
found to be equivalent to the one-pair reflectivity)
and P, = 180°.

Now we are ready to obtain the oscillation of the
full laser system of Fig. 1. 'We match the two halves
of Fig. 1—the input of one section is the output of
the other and vice versa—and use the reflectivities
for one interacting pair in the absorber part, with or
without coupling” and grating, and in the gain part,
without coupling and grating. Then we require that
the overall gain and losses be equal and obtain the os-
cillation intensity versus gain. The result, shown in
Fig. 3(a), exhibits bistable behavior. As expected,
the coupling lowers the threshold and increases
the oscillation power. Here we took y,l = —1.7 (I
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Fig. 3. Theoretical output of the oscillation intensity ver-
sus small-signal gain g with (solid curve) and without
(dashed curve) coupling of the counterpropagating beams
in the saturable absorber. We used yol = —1.7 for the
saturable absorber, other losses (due mainly to inter-
fiber couplings) of 67% for one cavity round trip, and
mirror reflectivity of 95%. (b) Experimental output of
the oscillation intensity versus pumping power (with a
980-nm laser). The squares and the circles describe the
experimental data for increasing and decreasing Iump,
respectively.

@) ()

=10
=20 -

=

-40 -40 " 4 -
1.528 1529 1.530 1.531 1.532 1.533 1.528 1.530 1.532 1.534 1.536
Wavelength [um] Wavelength [pum]

Fig. 4. Spectra of the fiber laser (a) without and (b) with
the saturable absorber section.

is the length of the mixing medium) for the sat-
urable absorber sections that fit our experiment,?
and I,(amplifier) = 3I,(absorber). We have also
taken Q = 0; i.e., the medium is purely absorptive.
Similar results however, can be obtained outside this
regime, where nonlinear refraction is included.

The experimental demonstration of the saturable
absorber line narrowing was carried out with an
erbium-doped fiber laser.? Here we give only a brief
report on the results and add the experiment with the
bistable behavior. The cavity contained two lengths
of erbium-doped fiber. One was pumped at 980 nm
to provide gain; the second length was unpumped and
functioned as the saturable absorber. Wave mixing

in the gain section was eliminated by polarization
controllers. The behavior of the oscillation power as
a function of the pump power is shown in Fig. 3(b)
and, as predicted, exhibits bistable behavior. The
switching is sharp with an abrupt transition from
the off to the on state and vice versa. The spectra
of the fiber laser, with and without the saturable
absorber section, are shown in Fig. 4. These mea-
surements are limited by the resolving power of the
spectrum analyzer, which was 0.1 nm. The spec-
trum was stable over time scales of minutes. The
specific wavelength, however, is not directed by our
filtering mechanism, unless another passive filter is
inserted in the cavity. Nevertheless, once the laser
starts to operate at a specific line it will tend to stick
to it. Other measurements by a rf spectrum ana-
lyzer and delayed self-homodyning showed that the
laser oscillated mostly in a single longitudinal mode
and that the linewidth was® less than 5 kHz. We
believe, however, that much narrower linewidths can
be obtained.

To summarize, we have proposed, analyzed, and
demonstrated a linewidth-narrowing mechanism in
lasers that uses intracavity nonlinear absorptive
wave mixing. The passive nature of the self-induced
grating that is distributed along the cavity can pro-
vide a special way for obtaining single-wavelength
operation, especially of long fiber lasers.

*Permanent address, AT&T Laboratories, Craw-
ford Hill, 791 Holmdel-Keyport Road, Holmdel, New
Jersey 07733.
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