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Controlling optical bistability in a three-level atomic system
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We have experimentally studied the optical bistable behavior in an optical ring cavity filled with a collection
of three-levelA -type rubidium atoms, interacting with two collinearly propagating laser beams. The bistability
so observed is very sensitive to the induced atomic coherence in this electromagnetically induced transparency
system or consequently to the altered nonlinearity in the system and, thus, can easily be controlled by changing
the intensity and the frequency detuning of the coupling field.
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In the recent past, a great deal of attention has been paidtensities and frequency detunings of both coupling and
to observing and understanding the phenomenon of opticgdrobe beams were reported earli&b], which motivated us
bistability (OB) in two-level atoms confined in an optical to further explore the bistable characters in this EIT system
cavity, due to its potential applications in all-optical with the help of the enhanced nonlinearity due to atomic
switches, memories, and optical transistpts The satura- coherence.
tion of atomic transition and intensity-dependent refractive The present work is built upon our preliminary observa-
index of the media are attributed to two different physicaltion (which mainly studied the instability behavjdri6] and
mechanisms for absorptive OB and dispersive OB, respeds a further experimental investigation of the OB as functions
tively [1-3]. The bistable states of the optical cavity outputof various parameters in the composite system consisting of
appear only for a definite range of input intensitjd$ and  three-levelA-type Rb atoms and an optical ring cavity. The
the intensity of the upper branch of the bistable curve showaim of this work is to experimentally demonstrate the con-
an instability behavior for some parametric conditids$. trollability of OB behaviors in this system by varying the
The cold atomic cloud of cesium atoms is yet another systerintensity and the frequency detuning of the coupling laser
which shows OB as well as instability in which the Zeemanbeam. These additional experimental controls provided by
sublevels in the 6,,, F=4 to 6S;,, F=5 transition of the coupling laser beam do not exist in the previous systems
cesium atoms interact with a circularly polarized laser beanusing two-level atoms for OB1-5] or in the system with
in an optical cavity. However, there are limitations to this multi-Zeeman-levels but using only one laser bd&i An-
experiment because of the lack of control due to only onether advantage of our experimental setup is its simplicity
laser beam being employed for both optical pumping andyith atoms in a vapor celino atomic beam or cooled atomic
saturation, and the optical cavity was not locked in observingiample under vacuum is needléul two-photon Doppler-free
OB and instability{ 6]. configuration to overcome the first-order Doppler effgt

Recently, electromagnetically induced transparefiy)  The enhanced nonlinearity here due to atomic coherence can
and related effects in multilevel atomic systems have atrelate to the effect reported in an earlier experiment with
tracted great attentiofv—9]. The induced atomic coherence sodium vapor filled in a Fabry-Perot cavit§7], where the
in multilevel atomic systems can not only modify the linear two different frequencies for the atoms in a particular group
absorption and dispersion properties, but can also enhaneg velocity distribution is provided by counterpropagating
the nonlinear optical processes such as four-wave mixingeams. Controlling OB can have practical applications in
[10,11], harmonic generatiof12,13, and two-photon ab- all-optical switches, memories, transistors, and logic circuits,
sorption[14]. More recently, the enhanced third-order Kerr- which have no need for optical-electronic-optical conversion
nonlinear index of refractionnp, in the expression ofi  of signal information. Due to the enhanced Kerr nonlinearity
=ny+n,|E|?) was measured near the EIT condition, as wellin the three-level atomic system owing to atomic coherence,
as near the more general coherent population trap(@rRy) the switching thresholds of such devices can reduce down
conditions in three-level\-type rubidium atoms inside an considerably, and hence controlling becomes easier and more
optical cavity[15]. It is interesting to note that at the exact efficient, which is also essential in order to process optical
EIT or CPT condition, i.e., when both the coupling and probesignals faster and reliably at very low intensity levels of
frequency detunings are zerws, is zero. However, if one of light. Some interesting theoretical results for OB have been
the frequency detunings is even slightly tuned to be nonzeragported for three-level atoms confined in an optical cavity
the value ofn, is greatly enhanced as compared to the situ-under various conditionsl8].
ation when there is no coupling beam pres@# in a two- The experiment was carried out in a three-leetype
level situation. Detailed studies of the variations of with  system of®’Rb atoms using th®; lines of 5S;,,—52P;,

transitions as depicted in the bubble of Fig. 1. The probe
laser beanti.e., the cavity field with frequencyp) is tuned
*Email address: mxiao@uark.edu to the atomic transitio1) (F=1,5°S,,) to |2) (F' =2,
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FIG. 2. The input-output intensity characteristics of the optical

to SAS and cavity with Ap=0. (a) is for Pc=1.5 mW, Ac=51.4 MHz; (b) is

lock-in loop for Pc=1.5 mW, A-=25.7 MHz; (c) is for Pc=8.4 mW, A
FR =85.6 MHz; and(d) is for Pc=8.4 mW, A-=256.8 MHz.
lock-in signal
PB3 Eﬂ—k copy (SAS) setup. The cavity input intensity is controlled by
M2 an electro-optical modulatgqiEOM) that produces a nearly
T triangular modulation of the cavity input intensity.

We first stabilize the temperature of the rubidium vapor
cell around 67-68 °C. The probe laser is tuned near the de-
. e . 87 . _
optical ring cavity; LD1 and LD2, coupling and probe lasers, re-SIer tra_nS|t||0n tODld“tne %f Rb'ET_:_]eV\(/:OL:EIm% IaEEE[L fr?
spectively; PB1-PB4, polarizing cubic beam splittexg2, half- quency '? aiso tuned to © sel.'ve L € er,] oc € laser
wave plates; FR, Faraday rotators; D1, detector; APD, avalanchgequenc'esmP andwc to certain desired detuning values by

photodiode detector. SAS is a saturation atomic spectroscopy setufj1€ir respective Fabry-Perot cavities and scan the optical ring
Bubble, a three-leveh -type system in th®, lines of 87Rb. cavity around its resonance by scanning the PZMdhwith

a ramp voltage. In the absence of the coupling laser beam the
52P,,,) with frequencywq, while the coupling beanffre-  cavity transmission profile is basically symmetric. In the
quencyw,) is tuned near the atomic transitigd) (F=2, presence of the coupling beam this transmission profile be-
52S,,,) to |2) with frequencyw,s. The frequency detunings comes asymmetric indicating the existence of the Kerr non-
of the probe laser beam and the coupling laser beam aidiearity which is a sensitive function af [15]. After these
defined asAp=wp—wq, and Ac=wc— w3, respectively. initial settings, we lock the frequency of the optical ring
The rubidium atomic vapor is contained in a 5-cm-long cellcavity onto the transmission peak of the reference laser
having Brewster windows which is wrapped in aametal ~beam. The EOM in the path of the probe bedD?2) is then
sheet and heated to about 67.5 °C in our experiment. The ce#witched-on, and a triangular modulation of cavity input in-
is placed in an optical ring cavity comprising of three mir- tensity with a duration of 5 ms is applied. Without the cou-
rors. The flat mirroM 1 has a reflectivity of 99%, while the pling beam we could not observe any OB, but some kind of
concave mirrors2 andM3 (both havingR=10 cm) have optical-transistor-like behavior is obtained. Also, when the
reflectivity of 97% and 99.5%, respectively. The mirtdi3  coupling beam is on, but both¢=0 andAp=0, even with
is mounted on a piezoelectric transdu¢BZT). The cavity —a quite highP¢ there is no OB observed. As soon as one of
finesse (F) with the Rb atomic vapor cell is measured to bethe frequency detuning\e or A¢) is set to a nonzero value
about 55(far from any resonant absorption linend the free  (few MHz), we start to observe OB for a wide rangeRy .
spectral range to be 822 MHdor the total cavity length Figure 2 displays several experimentally observed OB
~37 cm). The probe laser beam enters through miki@&  curves controlled by coupling beanA¢ and Pc) keeping
and circulates in the cavity in a single direction. The cou-Other parameter@ike atom number density, cavity detuning,
pling beam is introduced through a polarizing beam splitterandAp) fixed. Figure 2a) represents a typical OB under the
with an orthogonal polarization with respect to the probeconditions of Ap=0, Ac=51.4 MHz, Pc=1.5 mW, and
beam and does not oscillate in the cavity. A third laser hasavity detuning of about 40 MHz. The next figuteig. 2(b)]
been used as a reference beam to lock the frequency of tidearly shows how we can control the OB by simply chang-
optical cavity to a Fabry-Perot cavity. All three diode lasersing the parameteA to 25.7 MHz. Both switching thresh-
used in the experiment are home-built extended-cavity diodelds (Y; andY,) and width (Y,-Y;) of OB can be controlled
lasers with current and temperature stabilization. All theby changingA alone and keepind®. fixed. We define
three lasers are frequency locked to their respective Fabnswitching threshold intensitie¥; (the lower on¢ and Y,
Perot resonators. The measurement of frequency detunir{the upper ongat dY/dX=0 in the OB hysteresis curve. In
Ac or Ap can easily be carried out by another Fabry-Peronext two figures [Figs. 2c) and 2d)] we keep P
cavity in conjunction with a saturation absorption spectros-=38.5 mW fixed, but tuné\: to 85.6 MHz and 256.8 MHz,

FIG. 1. The experimental setupd1-M3 are mirrors of the

041801-2



RAPID COMMUNICATIONS

CONTROLLING OPTICAL BISTABILITY IN ATHREE- . .. PHYSICAL REVIEW A 67, 041801R) (2003

respectively. Dramatic changes in the shapes of the OB hys- 3.2+
teresis curves are apparent. Thus, the bistability range and

the switching intensity threshold¥; and Y, can be con- o8-
trolled very effectively byP- and A¢. In general, the OB ] A
intensity threshold values are functions of many parameters _ 54
such asAp, cavity detuning, atomic number densityr co- >
operativity parametgr P, andA.. At the exact condition n ] B
of EIT or CPT (Ap=0, Ac=0), n,=0, so the bistable be- > 207
havior should be governed by the absorption. However, since T
absorption is greatly reduced at such EIT or CPT condition, 1.6
the absorptive bistability is also inefficient and might need

much higher input intensity. The moment we set nonzego 1.2 — :
but Ap=0 [Figs. 4a) and Zb)] the switching thresholds 0 50 100 150
come down drastically from the situation whekg =0 and A (MH
A =0 with no OB. The reason of observing OB at quite low C (MHz)
intracavity field intensity and IQW CO,Up”ng intensity is a re- FIG. 3. Ratio of switching threshold intensiti¥s /Y, as a func-
;ult of the enhanced Kerr nonlinearity near resonance dug ®n of Ac. CurveA is for Pc=8.4 mW and curveB is for Pg
induced atomic coherence by the coupling beam interacting. 1 5 mw.

with the nearby transition slightly off-resonancee., Ac

#0). This kind of OB is a mixture of absorptive and disper-  Next, we have studied the dependence of switching
sive types where the dispersitor phase detunings greatly  thresholds for a fixed ¢ on the variation oP.. The results
enhanced by the Kerr nonlinearity, as measured in R&l.  are depicted in Fig. 4, in which curves and B represent
With the increase ofA to further higher valuegFig. 2(c)] switching threshold rati&Y, /Y, for Ac=42.8 MHz and 17.1
the nonlinearity in the system reduces down, and hence thiglHz, respectively. The curvA rises with an increasing
switching intensityY, as well as the width of the hysteresis which is most likely due to the decrease in the Kerr nonlin-
cycle increase. For a very large coupling detuninfc earity with increasing coupling power for this value &§ ,
=256.8 MHz, Fig. 2d)] the nonlinearity sharply reduces in and is consistent with our measurementsngf[15]. How-
such three-level system and the dispersion due to frequen@yer, we find an opposite behavior in curdewhich is
detuning dominates, which is similar to the two-level disper-slightly descending with the increase B¢ and this is again
sive OB situation. As a result, the shape and width of ogbecause of the increasing nonlinearity with the increase of
curve modify considerably. These measured results are comc at this particular frequency detuninge [15].

sistent with the previous work on the measurements,dh The observed OB behaviors in such three-level EIT sys-

this systenj15]. The cooperativity paramet€, traditionally tem are quite different from the previously gtudied two-level
defined asC = (ayl/47) F (aql is single pass absorptipin atomic systems. Due to the induced atomic coherence near

two-level OB systemflL—5], can be estimated with the mea- EIT resonance, the absorption, dispersion, and nonlinearity

. : - re all greatly alteredi7—15]. For example, the absorption
sureq.atormc absorpt.|on and cavity finesse under the EIfeduction [7-9] and the great enhancement of the Kerr-
condition in the experiment.

. . . . nonlinear index at near EIT resonarjd®] make the distinc-
In order to quantify the behaviors of the OB with varia- 48]

. ; _ tion between absorptive and dispersive regions for OB im-
tion of A; at a givenP, we have carried out further ex-

: S possible near resonance. It will be interesting to find the
perimental measurements and present results in Fig. 3 where

I I
200 250

the switching threshold intensity raths, /Y is plotted as a 204

function of A for two different coupling intensitiecurve A

for Pc=8.4 mW and curveB for Pc=1.5 mW). At very 1.8

small Ac, the ratioY,/Y; is small(indicating a lower OB A
threshold because of the enhanced Kerr nonlinearity near S 1.6

resonance. With increasing., there is an increase in

Y, /Y, because the nonlinearity reduces down substantially. > 4 4 4 B
However, a small drop nea-=50 is observed for botR .

values. Note thah =50 is the point near where the change 1.2

in the sign ofn, takes place for a certain value Bt [15].

For largerAc there is also a reduction il,/Y;, which 1.0 —
could be a combined effect of dispersion due\tgalone(at o 1 2 3 4 5 6 7 8 9
largerAc, the Kerr nonlinearityn, drops down appreciably P, (mW)

and the system behaves like a two-level atomic systml

a slight cavity drift[3]. We have also observed a similar  FiG. 4. Ratio of switching threshold intensiti¥s /Y as a func-
dependence of the width of OB hysteresis cycle with theion of P.. CurveA is for Ac=42.8 MHz and curveB is for A

changingA.. =17.1 MHz.
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optimal conditions for achieving the desired OB behaviorsputing and quantum information processing. Due to the re-
for both fundamental studies and practical applications. Ouduced absorption and the enhanced Kerr nonlinearity via
experimental demonstration of controlled OB with the cou-atomic coherence in this EIT system, the switching threshold
pling beam intensity and frequency detuning provides an imvalue (Y,) is greatly reduced to make the optical switches
portant step towards this goal. more efficient with the possibility to operate at much lower
In summary, we have experimentally demonstrated thdight intensities. Complete understanding of these interesting
controllability of atomic optical bistability in a three-level OB phenomena will require a proper and complete theoreti-
EIT system inside an optical ring cavity. This is, to our cal calculation matching our experimental conditions.
knowledge, the first detailed experimental study of OB in a
three-level EIT system. By controlling the threshold intensi- We acknowledge funding support from the National Sci-
ties and the width of OB with the intensity and frequencyence Foundation and the Office of Naval Research. Help
detuning of the coupling beam, one can build more efficienfrom David Goorskey in the early stages of this experiment
all-optical switches and logic-gate devices for optical com-is acknowledged.
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