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Self-Pulsing in Intrinsic Optical Bistability with Two-Level Molecules
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Well-developed sine-wave self-pulsing has been observed in the beam transmitted by a passive cavity
containing a molecular gas, subjected to a cw incident beam. The free spectral range of the cavity is
comparable to the Rabi frequency inside the cavity and much larger than the relaxation rate. The self-
pulsing is attributed to the multimode instability predicted by Bonifacio and Lugiato in 1978 but not yet

observed.

PACS numbers: 42.65.—k, 33.80.—b, 42.50.—p

Optical bistability> is a remarkable example of
cooperative behavior in an open system far from thermal
equilibrium. From this viewpoint, the search for insta-
bilities in optical bistable devices is a crucial point. Bi-
stability itself originates in the fact that the intermediate
branch of the S-shaped bistability curve is unstable, but
it was early recognized? that the positive-slope regions of
this curve may also be unstable for suitable values of the
control parameters, leading to a much richer phenome-
nology, including regenerative oscillations, self-pulsing, *
and chaos.’

Among the different types of optical bistable devices,
the cavity filled with two-level atoms (or molecules) and
driven by a cw incident beam appears to be of special im-
portance.? It is a canonical model in nonlinear optics
and, if necessary, is liable to a fully quantum treatment.
Following the pioneering works by Bonifacio and Lugia-
to* and by Ikeda,® numerous types of instabilities have
been predicted to occur in this system® but only one of
them has been actually observed. This has been achieved
in an experiment in which two-level atoms couple to a
single mode of the cavity (single-mode instability).” The
instability originates then in a subtle interplay of non-
linear gain and dispersion in the medium in order that
multiple frequencies can coexist in the cavity with
effectively only a single mode.” In contrast, multimode
instability, which has been the first to be predicted*> and
which may be more simply understood in terms of side-
mode gain,®® has not yet been observed with
continuous-wave excitation.'® We succeed in observing
instability in such conditions, achieving an experiment in
which the free spectral range of the cavity is comparable
to the Rabi frequency (power broadening) inside the
cavity and much larger than the inverse of the medium
response time. The instabilities observed in this case are
then expected to be closely related to the self-pulsing ini-
tially predicted by Bonifacio and Lugiato* and studied
extensively in subsequent papers.>!'"'> As noted by
Gibbs,!? this self-pulsing seems to be the signature of
Rabi flopping, resulting in side-mode gain.

Our bistable system '* is a Fabry-Perot cavity of length

/=182 m (free spectral range ¢/2/ =830 kHz) filled
with HC'’N at low pressure (0.5-1.5 mTorr). The cavi-
ty is cw driven by a source phase locked at a frequency
vs close to the frequency vy, of the J =0-1 rotational line
of HC"”N (v,,=86.05496 GHz, wavelength A=3.5
mm). Between the input and output mirrors of
reflectivity Ro=0.95 and transmittivity Tp=0.05 (negli-
gible losses), the beam is guided (except for short sec-
tions) by a very oversized helix waveguide (helix radius
a=30 mm). This waveguide acts as a mode filter and
transmits only the modes TEg, of electric field

E,=E,=0 and E¢g=EoJ(rjis/a), where J| is the first-
order Bessell function and j, its nth zero. The input
and the output couplings are made in the single-mode
TEq;, presenting the lowest losses. The power transmis-
sion in this mode is A9 =0.73 per 182-m trip. It is easily
shown that our cavity is equivalent to a cavity without
distributed losses provided that Ry and T are replaced
by T.=To/A0=0.043 and R.=RoA40=0.69. This
leads to a mode width of 48 kHz (HWHM) and to a
finesse F =8.5.

The 0-1 rotational line of HC'*N is easily saturated at
moderate power level on account of the large permanent
dipole of HC'>N (u==3 D) and, if we neglect its narrow
magnetic hyperfine structure (16 kHz), is characterized
by a unique Rabi frequency'® vg =poE/h =pE/h~/3,
that is, about 750 kHz for the mean power density of 1
mW/cm? typically achieved inside the cavity in our ex-
periments. This value being significantly larger than the
inhomogeneous Doppler broadening (=100 kHz), the
HC'!’N gas approximates closely an ideal medium of
homogeneously broadened two-level systems. The relax-
ation is mainly collisional and, as usual for rotational re-
laxation, is characterized by a unique rate y (y.=y),
proportional to the gas pressure (y/2r=23 kHz at 1
mTorr). Finally, the large power absorption of the line
in the linear regime (2e==0.8 m ~! in the collisional lim-
it'®) leads to a cooperativity parameter C=aw/F/2n
=200, that is much beyond the threshold of bistability.

Figure 1 gives an example of bistability cycle, evidenc-
ing a well-developed self-pulsing on its upper branch. It
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FIG. 1. Bistability cycle observed for ve =vm, vs —vm =317
kHz. Gas pressure p==0.75 mTorr. Inset: Sine-wave self-
pulsing obtained when the incident power is fixed at its max-
imum.

has been obtained by our adiabatically sweeping the in-
put power, controlled by a p-i-n diode modulator. The
molecular frequency v, coincides with that of a longitu-
dinal mode of the cavity v, but differs from that of the
source. For a fixed input power (cw excitation), the
self-pulsing is purely sinusoidal—this point has been
verified in all our experiments by a spectral analysis
—and its frequency is nearly constant inside the instabil-
ity domain, increasing up to 630 kHz for the maximum
available incident power (estimated at 50 mW just be-
fore the input mirror).

Except obviously for the self-pulsing, the hysteresis cy-
cle of Fig. 1 is fairly well fitted by the steady-state bista-
bility curve of a ring cavity (with £ =L =364 m in the
notations of Ref. 2, R=R,, T=T.), computed in a
plane-wave approximation without any adjustment of the
experimental parameters. This surprising agreement has
been confirmed on hysteresis cycles obtained in different
conditions.!” The ratio of the upper and lower switching
powers in Fig. 1 is exactly reproduced by the adjustment
of only the gas pressure p (0.6 mTorr instead of 0.75
mTorr). For the maximum incident power, the Rabi fre-
quencies, derived from the calculation, are vhk=1.33
MHz and vk =0.45 MHz just before the input and out-
put mirrors, respectively. vk is quite consistent with the
estimated available power (50 mW) and vg gives an un-
derestimate of the rms Rabi frequency vg inside the cav-
ity.

In all our experiments, self-pulsing has been only ob-
served in the presence of bistability, on the upper branch
of the bistability curve. By our sweeping the input power
(standard procedure), this branch is attained only when
the available input power P; is larger than the upper
switching power Py. A much wider domain can be ex-
plored by use of the source frequency vy as control pa-
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FIG. 2. Upper (full line) and lower (dotted line) critical
switching powers vs v; — vy, computed for v. =v, and p=1.3

mTorr. The power is given by the square of the corresponding

Rabi frequency vj.

rameter.'® Starting from a source detuning such that
the upper and lower critical powers (Py and P;)
coalesce (no bistability) at a very low level (Fig. 2), it is
indeed possible to follow by continuity the upper branch
as long as Py is larger than P; which may be 1 order of
magnitude lower than Py (C>1). Moreover, by remo-
val of the p-i-n modulator (insertion loss =3 dB), no
longer required, the input Rabi frequency can be
significantly enhanced (vk=1.9 MHz).

Figure 3 has been obtained in these conditions for
vm =v.. Figure 3(a), given for reference, shows three
successive TEg; modes of the empty cavity. Note the
absence of parasitic modes. With introduction of the
HC'’N gas, self-pulsing is observed for 150 kHz
< |vs—=vm| <370 kHz. If the source frequency v; is
fixed (cw excitation), the self-pulsing is purely sinusoidal
as already mentioned and its frequency is nearly con-
stant in the instability domain (=670 kHz). The four
recordings of Fig. 3 being obtained with the same sensi-
tivity, the Rabi frequency inside the cavity vg can be
easily derived in any point of the curves a, b, ¢, and d
from its value on resonance without gas [=v&~/T./
(1 —R.)=1.3 MHzl. vf is nearly constant in the unsta-
ble regions of b, ¢, and d (vR=850 kHz). Note the
weak gas absorption in these regions ({a/)==0.15), as ex-
pected because of the strong saturation. Moreover let us
remark that the attenuation and the shift of the
sidemodes in Figs. 3(b), 3(c), and 3(d) are quite con-
sistent with the estimated Rabi frequencies.

Self-pulsing is generally detected with the best signal-
to-noise ratio in “‘resonant configurations” (v, =v,, Figs.
1 and 3), with the whole available power and pressures
ranging from 1 to 1.5 mTorr. We have, however, ex-
plored quite different situations. For instance, Fig. 4
shows self-pulsing (frequency =400 kHz, v{=340

413



VOLUME 60, NUMBER 5

PHYSICAL REVIEW LETTERS

1 FEBRUARY 1988

g

QUTPUT POWER

SOURCE DETUNING

(MHz >

FIG. 3. Transmission of the cavity vs v; —vp, for v, =v,
and p= (a) 0, (b) 1.3, (¢) 1.35, and (d) 1.4 mTorr. For
p=1.4 mTorr, the bistable system switches down at v, such
that P, < P; and switches up back only when P; > Py (Ref.
18). The symmetric curve is obtained reversing the frequency
sweep (Ref. 17). At still higher pressures, the condition
P. < Py is no longer fulfilled inside the instability domain and
the self-pulsing cannot be observed.

kHz) observed in an “antiresonant configuration” (v,
halfway between two cavity resonances). The exploita-
tion of numerous recordings obtained in various experi-
mental conditions allows us to specify the following
points.

(i) Self-pulsing has been observed for source detunings
down to about 100 kHz but never in the case of purely
absorptive bistability (v; =v,). This is in agreement
with theoretical calculations predicting that self-pulsing
does not occur in this case because of the transverse dis-
tribution of the field'>?° but remains in the case of
mixed absorptive and dispersive bistability. 12 Let us also
mention that the power threshold of instability is lowered
in detuned configurations according to the theory.

(ii) The self-pulsing frequency ranges from 400 (see,
e.g., Fig. 4) to 730 kHz (for v,, —v; =240 kHz, v, — vy
=100 kHz, p=1.2 mTorr). Contrary to what is expect-
ed for single-mode instability,” it is not strongly correlat-
ed with the cavity detuning v; — v, (ranging from 100 to
500 kHz).

(iii) At low pressures (<1 mTorr), the instabilities
may appear only in a restricted range of input power, as
predicted theoretically. '?

To conclude, we have observed sine-wave self-pulsing
in intrinsic optical bistability. The free spectral range of
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FIG. 4. Observation of self-pulsing in the antiresonant
configuration (v, =v.+c/4l). Pressure p=0.85 mTorr.
Other parameters as in Fig. 3. Inset: Self-pulsing for a fixed
source frequency.

the cavity being comparable to the Rabi frequency inside
the cavity but large compared to the relaxation rate 7y,
there is a strong suspicion that this is the first experimen-
tal observation of the multimode instability initially pre-
dicted by Bonifacio and Lugiato.® The difference be-
tween the self-pulsing frequency and the free spectral
range can be probably explained by departures of our
system from canonical conditions (mean-field limit).
This point is being checked by numerical integration of
the Bloch-Maxwell equations of the ‘“equivalent” ring
cavity.
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FIG. 1. Bistability cycle observed for ve=vpm, vs = vm =317
kHz. Gas pressure p==0.75 mTorr. Inset: Sine-wave self-
pulsing obtained when the incident power is fixed at its max-
imum.



