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We report the observation of an instability in a bistable optical system with a homogeneously
broadened two-level medium involving the onset of the cavity side mode that is two modes away
from the source frequency and three modes away from the molecular resonance frequency. These
measurements extend the range of a recent report [Phys. Rev. A 39, 703 (1989)] of observations of
the multimode instability in optical bistability predicted by Lugiato and Bonifacio [Lett. Nuovo
Cimento 21, 505 (1978); 21, 510 (1978)], with the key difference being that the experimental observa-
tions in the previous report were limited to instabilities of the side mode adjacent to the source fre-

quency.

Part of the revitalization of the study of optical insta-
bilities in recent years owes much to the application to
the study of optical bistability of the methods of stability
analysis developed for multimode lasers.!’> Using these
methods in 1978, Bonifacio and Lugiato® predicted a
multimode instability in the Maxwell Bloch equation of
optical bistability. At nearly the same time, Ikeda*
simplified the equations to a delay-differential equations
and predicted not only instabilities but also chaos. [It is
worth noting that in recent years it has become clear that
delay-differential equations rather than simple delay
equations (one-dimensional maps) are required to accu-
rately simulate the experimental systems.>'® In this form
the delay-differential equations correspond to the cou-
pling of an infinite number of modes.’] While the delay-
induced instabilities were soon observed® and have been
well studied,’ it was not until recently’ that the particular
form of multimode instability predicted by Bonifacio and
Lugiato for an optically bistable system using a homo-
geneously broadened, two-level medium (where the insta-
bility arises from coherent effects) was observed, albeit in
the dispersive (detuned) case. A systematic study of the
experimental characteristics of this instability and a com-
parison with numerical simulations using plane-wave
models has been recently reported.?

A similar instability has been observed by Khitrova,
Valley, and Gibbs’ using sodium vapor pumped off-
resonance to generate Raman gain for side modes 9-12
free spectral ranges away from the pumping laser fre-
quency. Their experiments differ from those of Ref. 8
and those reported here in that the Doppler broadening
of the sodium transition was large and comparable to the
Rabi frequency and that the pumping laser field excited
the medium without circulating the laser cavity. In such
a case the authors describe the system as a ‘“Raman
laser.”

In the previous experimental studies (Ref. 8) similar to
those reported here, no instabilities were observed for res-
onant tuning of the source frequency and the molecular
resonance frequency although instabilities had been pre-
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dicted for those experimental operating conditions using
a plane-wave model. The absence of instabilities in the
purely absorptive case was attributed® to the suppression
of instabilities by the transverse profile of the externally
injected field as had been predicted previously.!® Experi-
mentally this is difficult to study because the strong ab-
sorption on resonance and finite source power make it
difficult to reach large values of the excitation or of the
Rabi frequency. However, when the frequency of the
driving field was detuned from the molecular resonance
frequency, instabilities were observed which involved the
onset of the cavity mode adjacent to the external driving
field. This led to the development of two rules of thumb
for the instabilities: first, that the pulsing frequency
would be given approximately by the Rabi frequency (as
the band of frequencies receiving gain by the Raman pro-
cess has its center frequency separated from the frequen-
cy of the driving field by the Rabi frequency); and second,
that the pulsing frequency would be given approximately
by the separation of the nearest cavity mode from the
driving frequency. It is, in fact, the generalized Rabi fre-
quency which determines the separation between the
source frequency and the peak of the band of frequencies
where there is Raman gain for a homogeneously
broadened medium, but for the small detunings in the ex-
periment of Ref. 8 the two were relatively equal in predic-
tive power. Actually, it is the coincidence of the gain
(rule 1) and resonance with some mode of the cavity (rule
2) that leads to the onset of the instability. (It is worth
noting that similar rules of thumb exist for the experi-
ment of Khitrova et al.’ but in their case the Doppler
broadening of the transition and the velocity of the opti-
cally excited atoms cause the peak of the Raman gain to
be separated from the frequency of the driving field by
the Rabi frequency rather than the generalized Rabi fre-
quency.)

Since in the dispersive case the instability predom-
inantly involves the weak excitation of a single unstable
mode (as demonstrated in Ref. 8 by heterodyne detec-
tion), the resulting intensity pulsations are nearly periodic
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and correspond to a beat between the frequency of the
driving field and that of the excited mode.

It is easy to see how the rules of thumb should be gen-
eralized. Rule 1 remains unchanged because it locates
the frequency range where the Raman process provides
gain, though as the strength of the driving field increases,
the width of this range grows. Hence the Rabi frequency
does not precisely determine the pulsing frequency. Rule
2 is also not exact because the strongly driven medium
causes mode pulling of the empty cavity resonance fre-
quencies, though these effects are wusually small.
Modifications can easily occur in principle to rule 2, as
the criterion for an instability is simply that some cavity
mode fall within the region of frequencies where there is
gain. Which mode satisfies this condition depends on the
detunings of the source frequency and the molecular res-
onance frequency from the cavity frequencies and from
each other, and on the free spectral range.

We have extended the measurements in Ref. 8 to
operating conditions which lead to an instability of the
cavity mode that is the second one away from the source
frequency and the third one away from the molecular res-
onance frequency. As the detuning of the source frequen-
cy is relatively far from the molecular frequency and rela-
tively close to one cavity resonance frequency, the intra-
cavity field is larger than in the previous experiments
leading to a higher Rabi frequency that excites an insta-
bility with a pulsing frequency of the order of 1500 kHz
in contrast to the nearest sideband instabilities which ap-
peared in the range of 400-700 kHz.

The experimental setup is as given in Ref. 8. Briefly,
the optical cavity is a waveguide Fabry Perot, 182 m in
length, filled with 0.9 to 1.5 mTorr of HCN. The J =0
and M =0 to J =1 and M =1 rotational transition used
is at a frequency of approximately 86 GHz. Although
the transition has a narrow hyperfine structure spanning
15 kHz, a collisional linewidth of 22 kHz, and a Doppler
linewidth of 100 kHz (all values HWHM) for the
strengths of the fields used in this experiment (which lead
to a Rabi frequency larger than 400 kHz), the system
behaves as a homogeneously broadened, two-level medi-
um. The source is a phase-locked klystron with an out-
put power of 500 mW of which approximately 160 mW is
coupled to the lowest-order mode of the waveguide. The
signal is detected by a Schottky-barrier diode mixer.

Figure 1 gives a plot of the output power versus the
source frequency which corresponds to the experimental
Fig. 15 of Ref. 8. Figure 2(a) schematically locates the
molecular resonance frequency in the comb of resonance
frequencies of the longitudinal cavity modes and indi-
cates the range of the source frequency scanned in Fig. 1.
The two steps in output power in Fig. 1 are parts of the
multiple hysteresis loops that are found as the source fre-
quency is increased and decreased.

In the lower step in Fig. 1 at the location marked B, an
instability occurs with pulsing characteristics shown in
inset B in the figure. The pulsing frequency of 469 kHz
corresponds to the excitation of the mode nearest the
source frequency. This mode is marked v,, and the
source frequency v, is located between the molecular fre-

quency v,, and the mode v,,. The Rabi frequency is rela-
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FIG. 1. Plot of output power vs source frequency with two

regions of instability indicated by 4 and B with insets showing
the intensity pulsations in these two regions.

H?

\% \Y \% Vv

p-2 p-1 P p+1
1422 kHz

E | (b)

Vo, Vo, V, Vv Voo

self-pulsing
mode
252 kHz

(c)

Vo V, VoVa  Vou

self-pulsing

FIG. 2. Schematic drawing locating the cavity frequencies v;,
the source frequency v,, and the molecular resonance frequency
v,, for the experiments shown in Fig. 1. (a) Cavity and molecu-
lar frequencies with range of source frequency detuning spanned
by Fig. 1, (b) with source frequency at the specific value corre-
sponding to 4 in Fig. 1, (c) with source frequency at the specific
value corresponding to B in Fig. 1.
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TABLE 1. Observations of the second side-mode instability.

Vp — Vo Ym — Vo Vosc Vin= |V0 - VpiZI Vgen-Rabi VRabi Unstable
(kHz) (kHz) (kHz) (kHz) (kHz) (kHz) mode
315 780 1450 1335 1093 766 p—2
285 750 1480 1365 1122 836 p—2
—270 — 864 1508 1380 1266 925 p+2
—216 — 804 1535 1434 1318 1044 pt+2
228 660 1533 1422 p—2
276 645 1461 1474 p—2
—198 —672 1520 1450 1200 980 p+2
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tively low in this case because the near coincidence of the
source and molecular frequencies causes large absorption
and a relatively low intracavity field strength. The
difference between the pulsing frequency at 469 kHz and
vo— v, =252 kHz is caused by mode pulling.

On the upper step of Fig. 1 at the location marked A4,
another instability occurs with pulsing characteristics as
shown in inset 4. The pulsing frequency of 1533 kHz
corresponds to the excitation of the mode that is second
from the source frequency, namely, the mode labeled
v, in Fig. 2(b) where the location of the source fre-
quency is indicated as being between v,_, and v,. The
larger separation between the source and molecular fre-
quencies leads to a larger intracavity field due to a lower
absorption. The generalized Rabi frequency is therefore
larger due to a combination of a stronger field and larger
detuning which give the Raman gain at a corresponding-
ly larger distance from the source frequency.

A variety of similar observations of the second side-
mode instability are presented in Table I. We see that
rule 2 remains a useful predictor of the pulsing frequency
and that the mode-pulling effects are relatively smaller
than for the nearest side-mode instability observed here
and in Ref. 8. Rule 1 is not as robust, and unlike the case
of the nearest side-mode instability in Ref. 8 (where both
the Rabi frequency and the generalized Rabi frequency
were effective predictors of the pulsing frequency) the
generalized Rabi frequency is a better predictor. The

departure by as much as 30% arises from the specific lo-
cation of the mode v, _, within the band of frequencies
having Raman gain.

Similar instabilities involving the second side mode
have been observed in the theoretical studies of this prob-
lem. For example, in Ref. 8, Fig. 24(b), one sees two re-
gions of instability for a resonantly tuned (purely absorp-
tive) case. These pulsations appear at the cavity mode
spacing for low intracavity Rabi frequencies and at twice
the cavity mode spacing for higher intracavity Rabi fre-
quencies. Similar effects are to be expected in the
theoretical studies of the dispersive case.

As in the comparison reported in Ref. 8, however, we
found no evidence of a second side-mode instability in the
purely absorptive case within the range of source powers
accessible with our source.

We are pleased to acknowledge useful discussions with
L. A. Lugiato. The circular waveguide components used
have been kindly donated by the Centre National d’Etude
des Télécommunications through Dr. A. Boulouard.
This work was carried out in the framework of the Euro-
pean Economic Community twinning project on “Dy-
namics of Nonlinear Optical Systems.” Laboratoire de
Spectroscopie Hertzienne de I’Université de Lille is Unité
associée au Centre National de la Recherche Scientifique
and is also supported by the Région Nord—Pas-de-
Calais.

*Present address: Department of Physics, Bryn Mawr College,
Bryn Mawr, PA 19010-2899.

H. Risken and K. Nummedal, J. Appl. Phys. 39, 4662 (1968).

ZR. Graham and H. Haken, Z. Phys. 213, 420 (1968).

3R. Bonifacio and L. A. Lugiato, Lett. Nuovo Cimento 21, 505
(1978); 21, 510 (1978); see also S. L. McCall, Appl. Phys. Lett.
32, 284 (1978). The dispersive case was analyzed in L. A. Lu-
giato, Opt. Commun. 33, 108 (1980); R. Bonifacio, M. Gron-
chi, and L. A. Lugiato, ibid. 30, 129 (1979); M. Gronchi, V.
Benza, L. A. Lugiato, P. Meystre, and M. Sargent III, Phys.
Rev. A 24, 1419 (1981); L. A. Lugiato, V. Benza, L. M. Nar-
ducci, and J. D. Farina, Z. Phys. B 49, 351 (1983).

4K. Ikeda, Opt. Commun. 30, 257 (1979); see also in Optical In-
stabilities, edited by R. W. Boyd, M. G. Raymer, and L. M.
Narducci (Cambridge University Press, Cambridge, 1986), p.
85.

5(a) M. LeBerre, E. Ressayre, A. Tallet, and H. M. Gibbs, Phys.
Rev. Lett. 56, 274 (1986); M. LeBerre, E. Ressayre, A. Tallet,
H. M. Gibbs, D. L. Kaplan, and M. H. Rose, Phys. Rev. A
35, 4020 (1987); H. M. Gibbs, D. L. Kaplan, F. A. Hopf, M.
LeBerre, E. Ressayre, and A. Tallet, in Instabilities and
Chaos in Quantum Optics I1, edited by N. B. Abraham, F. T.
Arecchi, and L. A. Lugiato, (Plenum, New York, 1988), p.
247 and references therein; (b) see also M. W. Derstine, H. M.
Gibbs, F. A. Hopf, and D. L. Kaplan, Phys. Rev. A 27, 3200
(1983); J. Y. Gao, L. M. Narducci, H. Sadiky, M. Squicciar-
ini, and J. M. Yuan, ibid. 30, 901 (1984); R. Vallée, P. Dubois,
M. Cote, and C. Delisle, ibid. 36, 1327 (1987); C.-F. Li, in Op-
tical Bistability, Instability and Optical Computing, edited by
H.-Y. Zhang and K. K. Lee (World Scientific, Singapore,
1988), p. 37; H.-J. Zhang, J.-H. Dai, P. Y. Wang, and C.-D.
Jin, J. Opt. Soc. Am. B 3, 231 (1986).



6032 BRIEF REPORTS 39

6H. M. Gibbs, F. A. Hopf, D. L. Kaplan, and R. L. Shoemaker, No. 6, C2-483 (1988)]. Related behavior has been reported by
Phys. Rev. Lett. 46, 474 (1981). D. Grandclément, G. Grynberg, and M. Pinard, Phys. Rev.
B. Ségard and B. Macke, Phys. Rev. Lett. 60, 412 (1988); in Op- Lett. 59, 40 (1987).
tical Bistability IV, edited by W. Firth, N. Peyghambarian, 10A transverse radial profile of the fields destroys the instability
and A. Tallet (Les Editions de Physique, Paris, 1988) [reprint- in the purely absorptive case of optical bistability: L. A. Lugi-
ed from J. Phys. (Paris) Colloq. 49, Suppl. No. 6, C2-371 ato, L. M. Narducci, D. K. Bandy, and C. A. Pennise, Opt.
(1988)]. Commun. 46, 64 (1983); but not in the dispersive cases, L. A.
8B. Ségard, B. Macke, L. A. Lugiato, F. Prati, and M. Brambil- Lugiato and M. Milani, J. Opt. Soc. Am. B 2, 15 (1985); L. A.
la, Phys. Rev. A 39, 703 (1989). Lugiato and L. M. Narducci, Phys. Rev. A 32, 1576 (1985).
9G. Khitrova, J. F. Valley, and H. M. Gibbs, Phys. Rev. Lett. Although these calculations use the simple approximation of
60, 1126 (1988); in Optical Bistability IV, edited by W. Firth, a fixed transverse beam profile (a crude assumption for most
N. Peyghambarian, and A. Tallet (Les Editions de Physique, optical beams in cavities), such a model is quite appropriate

Paris, 1988) [reprinted from J. Phys. (Paris) Colloq. 49, Suppl. to the waveguided beam in the cavity of our experiment.



