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We report observations of novel dynamic behavior in resonantly enhanced stimulated Raman scattering in
Rb vapor. In particular, we demonstrate a dynamic hysteresis of the Raman scattered optical field in response
to changes of the drive laser field intensity and/or frequency. This effect may be described as a dynamic form
of optical bistability resulting from the formation and decay of atomic coherence. We have applied this
phenomenon to the realization of an all-optical switch.
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It is now well known that the optical properties of atomic
media may be dramatically altered if the atoms are placed
into an appropriate quantum superposition of states, en-
abling, e.g., electromagnetically induced transparency(EIT)
and lasing without inversion[1]. Such coherently prepared
media can also exhibit extremely large nonlinearity at very
low light levels [2–6]. In this paper we demonstrate a novel
form of nonlinearity—dynamic optical bistability—using
resonantly enhanced Raman generation in warm Rb vapor
[7]. The observed bistable behavior results from the forma-
tion of a long-lived coherence in the atomic ensemble due to
the strong light-atom interaction provided by a double-L in-
teraction scheme, which can be approximated as two strong
pump fields V1,2 interacting with a three-level atom as
shown in Fig. 1(a) [8]. Strong Raman gain is produced with
this scheme, generating a pair of correlated Stokes and anti-
Stokes fieldsE1,2 [9–11]. We find dynamic optical bistability
in the form of hysteresis in the response of either of the
Raman fields to sufficiently fast variation in the correspond-
ing pump field.

Optical bistability has been extensively studied for several
decades(see[12,13] for reviews), and observed in many sys-
tems. Most typically, optical bistability occurs with a nonlin-
ear medium placed in an optical cavity, such that there is
more than one stable condition of output light intensity from
the cavity for a given intensity of near-resonant input light,
i.e., there is a hysteresis in the effective cavity transmission.
Optical bistability with a cavity has been observed with vari-
ous two- and three-level atomic systems serving as the non-
linear medium[14–19]. Optical bistability has also been
demonstrated without a cavity using degenerate four-wave
mixing in atomic vapor with two counterpropagating laser
beams[20,21]. In these latter experiments, the bistability
arises from a dependence of phase-matching conditions on
the magnitude of the output field[22].

The unique features of the present results are(i) optical
bistability arises due to the formation of long-lived atomic
coherence, which in turn depends on the amplitudes and
phases of all four optical fields(V1,2 and E1,2); and (ii ) bi-
stability is observed in a co-propagating laser geometry with-
out a cavity. The steady-state amplitudes of both the Stokes
and anti-Stokes fields are self-adjusted by the light-atom in-
teraction, so that a generalized four-photon dark state is es-

tablished that is decoupled from all optical fields. The gen-
eralized dark state in the double-L system is analogous to the
dark state polariton employed in “stored light” in the single-
L system[23–25], with the dynamics controlled by three
relevant time scales. First, there is the characteristic time of
atomic response to change in the pump fields, i.e., the time
for atomic coherence to be created and modified. This time is
given by the inverse bandwidth of the four-photon Raman
process[9,10], and may be quite short,

tR ~
D

uV1uuV2u
, s1d

whereD is the detuning of the off-resonant pump fieldV1
(see Fig. 1(a)). In our experiment,tR,1 ms for typical val-
ues of the pump fieldsV1,2 andD.

The second relevant time scale characterizes the equili-
bration of the four-photon dark state, and hence the response
time of the amplitudes and phases of the generated Raman
fields. This time is determined by the optical pumping rate of
the far-detuned pump fieldV1,

tS~
D2

guV1u2
, s2d

whereg is the relaxation rate of the excited state. For com-
parable values of the pump field powers, one has

FIG. 1. (a) Three-level double-L scheme used in the experi-
ment. The first diode laser LD1(pump fieldV1) is detuned byD
<4 GHz to the blue side of the Rb transitionF=1→F8=2. The
second laser LD2(pump fieldV2) is resonant withF=2→F8=2.
(b) Experimental setup.
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tS.sD /gdtR@tR; for our system,tS<30 ms. This large dif-
ference in time scales enables dynamic optical bistability
when either of the pump fields is modulated on a time scale
betweentS and tR, because the generated Raman fields de-
pend on the magnitude and phase of the atomic coherence.
Once the modulated pump field passes above the threshold
for Raman generation, atomic coherence is created. How-
ever, the intensity of the Raman field reaches its steady-state
value with some delaytS, effectively increasing the observed
threshold pump power. Similarly, Raman generation contin-
ues at lower pump field power than the steady-state threshold
when the pump field is reduced from its peak value. As the
pump field is again increased, the hysteresis cycle is re-
peated.

The third relevant time scale is the atomic coherence life-
time, which for our system is limited by atomic diffusion in
and out of the interaction region to beT2,2 ms@tS. Be-
cause atomic coherence provides a “reservoir” for Raman
generation, dynamic optical bistability can be observed for
very slow pump field modulation, down to a modulation pe-
riod .T2.

A schematic of our experimental setup is shown in Fig.
1(b). We used two diode lasers LD1 and LD2 operating at
795 nm and resonant with theD1 line s5 2S1/2→5 2P1/2d of
87Rb. The first laser was detuned byD from the F=1→F8
=2 transition, and the second laser was resonant with theF
=2→F8=2 transition. To control the intensity of the off-
resonant fieldV1, a part of the beam from the first laser was
depleted using an acousto-optic modulator(AOM) with a
frequency shift of 80 MHz, and then combined with radia-
tion from the second laser on a polarizing beam splitter
(PBS1). The polarizations of the two fields were then trans-
formed by a quarter-wave plate into orthogonal circular po-
larizations before entering the Rb cell. The maximum avail-
able optical power for the lasers LD1 and LD2 was
approximately 3 mW and 4 mW, respectively, with the laser
beams focused inside the cell to diameters of about 200mm.

We employed a cylindrical glass cell filled with isotopi-
cally pure87Rb and 6 Torr of Ne buffer gas. We placed the
cell inside a three-layer magnetic shield to reduce the influ-
ence of stray magnetic fields, and heated the cell to 106 °C,
which corresponds to a Rb vapor density of 731012 cm−3.
Since counterpropagating laser beams can produce mirror-
less oscillations in the Raman field[26], we took care to
avoid retroreflection of either laser beam back into the
atomic cell.

For the chosen pump field polarizations and resonant
atomic levels, each of the generated Raman fields had circu-
lar polarization, with the same chirality as the corresponding
pump field. Thus all fields had linear polarization after pass-
ing through the second quarter-wave plate placed after the
Rb cell, with the polarization of fieldsV1 andE1 being or-
thogonal toV2 andE2. All these fields were then combined
at the second polarizing beamsplitter(PBS2) together with
an additional beam from the first laser which propagated out-
side of the atomic cell. The frequency of this “bypass” field
was shifted down by 80 MHz with respect to the fieldV1.
We detected the beat-note signal between the bypass field
and the Raman fieldE1 using a fast photodetector and a
spectrum analyzer in zero-span mode with a registration

bandwidth of 3 MHz. Since the amplitude of the bypass field
was constant, only changes in the amplitude ofE1 were de-
tected.

Figure 2 shows a typical spectrum of the generated Stokes
field E1. We observed such Raman generation over a wide
range of the first laser’s detuningD. The absence of Raman
generation aroundD=0 matches the resonant absorption for
the pump fieldV1. Raman generation also disappeared for
large detunings once the frequency of the generated fieldE1
approached theF=1→F8 transitions. Other smaller varia-
tions of the Stokes field amplitude were caused by effects
such as switching between different modes of Raman gen-
eration. The frequencies of these modes differ by a few hun-
dred kHz, and were found to depend on the intensity of the
pump fields as well as details of the laser beams’ spatial
overlap, which likely affect the four-photon phase-matching
conditions[7,27]. However, these smaller Raman variations
did not change the qualitative behavior of the dynamic opti-
cal bistability.

To study the dynamics of Raman generation, we varied
the intensity of the off-resonant laser fieldV1 by modulating
the voltage applied to the AOM at frequencyfmod, while the
intensity and frequency of laser LD2 were kept constant.
Figure 3(a) shows the observed dependence of the Stokes
field amplitudeE1 on the corresponding pump fieldV1, for
the case of very slow variations ofV1 (i.e., fmodT2!1). One
can see that the amplitude of the Stokes field exhibits thresh-
oldlike behavior, and then reaches a maximum(determined
by the phase-matching conditions between all four optical
fields). If the intensity of the pump field increases suffi-
ciently, it drives the system out of the optimal conditions for
Raman generation, and the amplitude of the generated field
decreases. It is important to note that in the quasistatic case
sfmod,10 Hzd, the Raman generation threshold is the same
regardless of the “direction” of the pump field’s change.
Thus there is no hysteresis in the regime of low modulation
frequency.

As shown in Figs. 3(b)–3(d), a hysteresis loop appears for
the Stokes field amplitude asfmod increases. We define the
“threshold” valuesPon and Poff as the pump field powers at
which Raman generation starts(for increasing V1) and
ceases(for decreasingV1). Their dependence onfmod is pre-

FIG. 2. Example spectrum of the generated Raman Stokes field
E1 as a function of the detuningD of the off-resonant pump field
V1.
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sented in Fig. 4. One can see that the difference betweenPon
and Poff increases with the modulation frequency, and these
threshold powers are reasonably fit byPon−Pth~Îfmod and
Poff −Pth~−Îfmod, wherePth is the threshold power for Ra-
man generation in the cw regime. We can reproduce this
scaling law by taking into account the delayed response of
the generated Raman field to the pump field modulation, as
characterized by the delay timetS [which depends on pump
field power, see Eq.(2)]. This simple model yields

Pon,off . Pths1 ± 1
2
ÎfmodtS

thd , s3d

wheretS
th is the four-photon dark-state equilibration time in

the vicinity of the Raman generation threshold. This expres-
sion is in good qualitative agreement with the experimental
results. However, a more complete description of the thresh-
old behavior will require treatment of the diffusion of coher-
ently prepared atoms in and out of the optical interaction
region [28,29].

At higher modulation frequenciessfmod.1 kHzd, the
measured peaks of the Raman fieldE1 output differ for in-
creasing and decreasing pump fieldV1, a result of changes in
the four-photon phase-matching conditions(which determine
optimal Raman generation) that are fast relative totS.

Two additional notes about the observed dynamic optical
bistability: (i) we found Raman hysteresis similar to that
shown in Fig. 3 by fixing the intensity of both pump lasers,
tuningD to be near a cutoff frequency for Raman generation
(see Fig. 2), and modulating the frequency of either of the
pump fields; and(ii ) we observed similar bistable behavior
for the anti-Stokes fieldE2, although this field was generally
much weaker thanE1 because of large residual absorption.

As an example application of dynamic optical bistability,
we demonstrated an all-optical switch in which the Raman
field E1 was turned on and off by briefly pulsing the intensity
of theV1 pump field above or below a median level(see Fig.
5). During the turn-on pulse, the strength of the pump field

FIG. 3. Differing degrees of observed hysteresis in the generated
Raman Stokes fieldE1 as the correspondingV1 pump field intensity
is modulated at(a) 10 Hz (no hysteresis); (b) 150 Hz;(c) 1.2 kHz;
(d) 4 kHz. Several(two to three) cycles are shown on each plot to
demonstrate the reproducibility of the data, with arrows indicating
the “direction” of change of the pump field. The off-resonant laser
detuningD was approximately 4 GHz.

FIG. 4. Measured dependence on modulation frequency of the
hysteresis threshold powers,Pon andPoff, of the off-resonant pump
field. The dashed lines indicate independent fits ofPon and Poff to
Îfmod. Inset: Graphic definition of the manner in whichPon andPoff

were determined from the hysteresis data.

FIG. 5. Demonstration of an all-optical switch using dynamic
optical bistability. The Stokes fieldE1 could be switched on and off
(lower graph) by pulsing the pump fieldV1 (top graph). The dura-
tion of the V1 pulses was 40ms; the plotted intensity of these
pulses is normalized to their maximum values<2.5 mWd with a
detuningD<4 GHz.

DYNAMIC OPTICAL BISTABILITY IN RESONANTLY … PHYSICAL REVIEW A 69, 061802(R) (2004)

RAPID COMMUNICATIONS

061802-3



V1 was large enough to establish significant atomic coher-
ence, and thus to provide large Raman generation onceV1

returned to its median value. Similarly, the duration of the
turn-off pulse was long enough for the resonantV2 pump
field to convert atomic coherence in the interaction region
into anti-StokesE2 photons, in a process closely related to
the release of stored light[10,11,23–25]. Thus the switching
for both turn-on and turn-off can likely be made much faster
with stronger pump fields.

In conclusion, we have studied the dynamics of reso-
nantly enhanced Raman generation in a double-L configura-
tion in Rb vapor. We observed a novel form of dynamic
optical bistability based on long-lived atomic coherence,

which did not involve an optical cavity or an induced Bragg
grating in the medium. This bistability can be easily adjusted
with changes to the pump laser fields, which may assist prac-
tical applications. Realization of dynamic optical bistability
may also be possible in condensed-matter systems[30–32].
As an example application, we used dynamic optical bista-
bility to demonstrate a simple, all-optical switch.

We thank M. Lukin for the use of his laboratory, and M.
D. Eisaman, L. Childress, V. A. Sautenkov, and P. Zoller for
useful and stimulating discussions. Financial support was
provided by NSF Grant No. PHY-0113844, the Defense Ad-
vance Research Project Agency, the Office of Naval Re-
search, NASA, and the Smithsonian Institution.

[1] M. O. Scully and M. S. Zubairy,Quantum Optics(Cambridge
University Press, Cambridge, UK, 1997).

[2] A. Imamoglu, H. Schmidt, G. Woods, and M. Deutsch, Phys.
Rev. Lett. 79, 1467(1997).

[3] S. E. Harris and Y. Yamamoto, Phys. Rev. Lett.81, 3611
(1998).

[4] M. D. Lukin, A. B. Matsko, M. Fleischhauer, and M. O.
Scully, Phys. Rev. Lett.82, 1847(1999).

[5] M. D. Lukin and A. Imamoglu, Phys. Rev. Lett.84, 1419
(2000).

[6] D. A. Braje, V. Balic, G. Y. Yin, and S. E. Harris, Phys. Rev. A
68, 041801(2003).

[7] M. D. Lukin, R. R. Hemmer, and M. O. Scully, Adv. At., Mol.,
Opt. Phys.42, 347 (2000).

[8] Resonantly enhanced Raman scattering has also been observed
for incoherent pump fields and atomic coherence created by an
additional microwave field: H. Tang and W. Happer, Phys.
Rev. Lett. 24, 551 (1970).

[9] M. D. Lukin, A. André, M. D. Eisaman, M. Hohensee, D. F.
Philips, C. H. van der Wal, R. L. Walsworth, and A. S. Zibrov,
in Proceedings of the XVIII International Conference on
Atomic Physics(World Scientific, Cambridge, MA, 2002), pp.
231-240.

[10] C. H. van der Wal, M. D. Eisaman, A. André, R. L. Walsworth,
D. F. Phillips, A. S. Zibrov, and M. D. Lukin, Science301,
196 (2003).

[11] A. Kuzmich, W. P. Bowen, A. D. Boozer, A. Boca, C. W.
Chou, L. M. Duan, and H. J. Kimble, Nature(London) 423,
731 (2003).

[12] Dissipative Systems in Quantum Optics: Resonance Fluores-
cence, Optical Bistability and Superfluorescenceedited by R.
Bonifacio (Springer-Verlag, Berlin, 1982).

[13] L. A. Lugiato, Theory of Optical Bistability, Vol. 21 of
Progress in Optics(North-Holland, Amsterdam, 1984).

[14] H. M. Gibbs, S. L. McCall, and T. N. C. Venkatesan, Phys.
Rev. Lett. 36, 1135(1976).

[15] R. Bonifacio and L. A. Lugiato, Phys. Rev. A18, 1129(1978).
[16] S. Cecchi, G. Giusfredi, E. Petriella, and P. Salieri, Phys. Rev.

Lett. 49, 1928(1982).
[17] F. T. Arecchi, J. Kurmann, and A. Politi, Opt. Commun.44,

421 (1983).
[18] H. Wang, D. J. Goorskey, and M. Xiao, Phys. Rev. A65,

011801(2002).
[19] A. Joshi and M. Xiao, Phys. Rev. Lett.91, 143904(2003).
[20] D. J. Gauthier, M. S. Malcuit, A. L. Gaeta, and R. W. Boyd,

Phys. Rev. Lett.64, 1721(1990).
[21] T. Ackemann, A. Heuer, Y. A. Logvin, and W. Lange, Phys.

Rev. A 56, 2321(1997).
[22] H. G. Winful and J. H. Marburger, Appl. Phys. Lett.36, 613

(1980).
[23] C. Liu, Z. Dutton, C. H. Behroozi, and L. V. Hau, Nature

(London) 409, 490 (2001).
[24] D. F. Phillips, A. Fleischhauer, A. Mair, R. L. Walsworth, and

M. D. Lukin, Phys. Rev. Lett.86, 783 (2001).
[25] A. S. Zibrov, A. B. Matsko, O. Kocharovskaya, Y. V. Rostovt-

sev, G. R. Welch, and M. O. Scully, Phys. Rev. Lett.88,
103601(2002).

[26] A. S. Zibrov, M. D. Lukin, and M. O. Scully, Phys. Rev. Lett.
83, 4049(1999).

[27] E. A. Korsunsky and D. V. Kosachiov, Phys. Rev. A60, 4996
(1999).

[28] A. S. Zibrov, I. Novikova, and A. B. Matsko, Opt. Lett.26,
1311 (2001).

[29] A. S. Zibrov and A. B. Matsko, Phys. Rev. A65, 013814
(2002).

[30] A. V. Turukhin, V. S. Sudarshanam, M. S. Shahriar, J. A.
Musser, B. S. Ham, and P. R. Hemmer, Phys. Rev. Lett.88,
023602(2002).

[31] M. Phillips and H. L. Wang, Phys. Rev. Lett.89, 186401
(2002).

[32] M. Phillips, H. L. Wang, I. Rumyantsev, N. H. Kwong, R.
Takayama, and R. Binder, Phys. Rev. Lett.91, 183602(2003).

NOVIKOVA et al. PHYSICAL REVIEW A 69, 061802(R) (2004)

RAPID COMMUNICATIONS

061802-4


