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We experimentally demonstrate cavity field control by another laser beam with threeAledypke atoms
inside an optical ring cavity. By adjusting the frequency detuning of the controlling feanpled to one of
the atomic transitionsthe intensity of the cavity field interacting with another atomic transition is switched on
and off. Such all-optical switching between two steady states is caused by the enhanced Kerr nonlinearity due
to atomic coherence in such system.
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The essential element in all-optical communication andquency detuning of the switching beam from its atomic tran-
optical computation is to achieve effective and fast all-sition is defined as\ = w,—w4,. As we have previously
optical switching. Multilevel electromagnetically induced- demonstrated, the Kerr-nonlinear index of refractiog
transparencyEIT) systems are ideal for such applications, changes dramatically both in magnitude and in sign near
since the linear and nonlinear optical properties of the probeesonancd15]. These changes can be used to control the
beam can be dramatically changed by anoffeentrolling  steady-state behaviors of the system. By changing the fre-
laser beam due to atomic cohereri@ée-11. When such an quency detuning of the controlling beam, we can control the
EIT medium is placed inside an optical cavity, many othernonlinearity of the system and, therefore, make the output
interesting effects, such as cavity linewidth narrowjdg],  intensity of the cavity field to be at different steady states.
optical bistability[13,14], and dynamic instability13], ap-  Such action constitutes a controllable all-optical switching in
pear. The Kerr-nonlinear index of refraction of a three-levelthis composite atom-cavity system.

A-type atomic system can be greatly enhanced near reso- A simplified sketch of the experimental setup is shown in
nance(by two orders of magnitude in some frequency detun-Fig. 2 with an atomic vapor cell containing three-level atoms
ing regiong and can change sign with small changess of placed inside a three-mirror optical ring cavity. Both the con-
megaherty in the frequency detunings of the controlling trolling (LD1) and the switching(LD2) lasers are single-
beam or cavity(probe field [15]. Such enhancement in Kerr mode diode lasers that are current and temperature stabilized.
nonlinearity is caused by the atomic coherence induced iThe frequencies of these two diode lasers are further stabi-
this EIT medium. lized by using optical feedback through servo-loop-

With the knowledge of these dramatic changes of thecontrolled mirrors. Partéabout 10% of the switching and
Kerr-nonlinear index of refraction near resonance, we demeontrolling beams are split by polarizing beam splitters PB2
onstrate that the cavity-field intensity can be controlled byand PB4 to a saturation absorption spectroscopy setup for
the frequency detuning of the controlling field at a relativelymonitoring the frequency detunings of the two lasers from
low optical power. With a small frequency change of thetheir respective resonances with atomic transitions. The flat
controlling beam (24 MHz), the cavity-field intensity mirror M2 and the concave mirroM1 (R=10cm) have
switches with a switching ratio better than 30:1 and a switch-about 1% and 3% intensity transmissions, respectively. The
ing time of few microseconds. Such all-optical switching isthird cavity mirror(concave withR=10 cm) is mounted on a
fundamentally interesting and can have applications in allpiezoelectric transduceiPZT) with reflectivity larger than
optical communication, optical logic gates, and optical infor-99.5%. The finesse of the empty cavity is about 100 with a
mation processing. free spectral range of 822 MHzavity length is 37 cm A

The experiment is performed in a composite system conthird laser(reference beajris used to lock the frequency of
sisting of a collection of three-level-type rubidium atoms, the optical cavity to a Fabry-Perot cavity, which can be tuned
as shown in Fig. 1, in an atomic vapor cell and an opticaleasily by a PZT mounted on one of the mirrors. The ru-
ring cavity. F=1 (state|1l)) and F=2 (state|3)) states of

5S,,, are the two lower states arel =2 state(state|2)) of ‘ A

5P,,, serves as the upper state. The controllingupling Ac p

laser beam(with frequencyw.) couples state$3) and |2) — |2>
while the switching(probg beam(with frequencyw,,) inter- Controlling

acts with statesl) and|2). The frequency detuning of the Beam Switching

controlling beam is defined as.= w.— w,3, Wherew,s is Beam

the atomic frequency of th) to |2) transition, and the fre-

3>

11>
*Present address: Institute of Opto-Electronics, Shanxi University,
Shanxi, Taiyuan, China. FIG. 1. Sketch of a three-levél-type atomic system.
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FIG. 2. Experimental setup. SAS: a saturation atomic spectros-
copy setup for frequency references of the laser beams. EOM1: F|g, 3. Cavity transmission via cavity length scan. Cuavis
electro-optical modulator for phase control of the controlling beam o A _ =A,—12 MHz with A,=123 MHz, P,"=0.39 mW, and
EOM2: scanning the cavity input power of the switching beam.p _14 3 mW curveb is forA =A,+12 MHz with other param-
FRs: Faraday rotators. PZT is for scanning the cavity length. eters the same; cunis the frequency of the reference laser beam
used to lock the ring cavity.

bidium vapor cell is 5 cm long with Brewster windows and is
wrapped inu metal for magnetic shielding and heated to +12 MHz) andA.=111 MHz (A,— 12 MHz), respectively.
72 °C. The switching field enters the cavity through mirror The cavity transmission profiles are shown in Fig. 3. As one
M1 and circulates inside the optical ring cavity. The control-can see that foA =111 MHz (curve g, the cavity transmis-
ling beam is introduced through the polarization beam splitsion profile is narrower, which gives a smaller Kerr-
ter PB1 with an orthogonal polarization to the cavity field nonlinear index of refraction nb=—0.8x10" ' cnm?/W)
and is misaligned by a small angler1°) to avoid its circu-  [15]. The oscillation on the left side of the transmission peak
lation inside the optical cavity. The radii of the controlling is due to optical instability in this system and has been stud-
and switching beams at the center of the atomic cell aréed in detail in Ref[13]. However, forA.= 135 MHz (curve
estimated to be 700 and &0n, respectively. With the reflec- b), the cavity transmission profile becomes highly asymmet-
tion losses from the PB1 and the windows of the atomic cellyic corresponding to a much larger Kerr-nonlinear index of
the cavity finesséwith rubidium atoms far off resonancis  refraction (1,=6x10"7 cn?/W), which is determined by
degraded to about 50. The cavity input intensity of thethe degree of asymmetry of this cavity transmission profile
switching field is controlled by an electro-optical modulator due to the nonlinear phase shjft5]. Curve ¢ shows the
(EOM2). The frequency detunings of the two beams are(inverted cavity output of a frequency-locked reference
measured by a Fabry-Perot cavity in reference to the atomibeam detuned far from atomic resonances as the cavity
saturation spectrum. One of the important advantages of thength is scanned.
current experimental setup shown in Fig. 2 is the use of a After choosing the optimal operation position for the op-
two-photon Doppler-free configuration by propagating thetical cavity detuningindicated by the arroprom Fig. 3, the
controlling beam colinearly with the cavity field inside the optical ring cavity is frequency locked onto the cavity trans-
atomic cell, which eliminates the first-order Doppler effectmission peak of this reference laser beam, which counter-
for the cavity field[4]. propagates with the first two laser beams. The cavity detun-
In this experiment, we first measure the absorption spedng (A,) is defined by the frequency difference between
trum of the switching field by scanning, for fixed control-  resonance of the reference begoeak of curvec) and the
ling power (P.=14.3 mW) and cavity input powerP,"  peak of curveb in Fig. 3. With the optical cavity locked to a
=390 uW). The switching frequency. is chosen to jump cavity detuning ofA ;=65 MHz, we then scan the input cav-
back and forth between 111 and 135 MHz, where the absorpty power for the same two frequency detunings of the con-
tion is small and same for these two frequencies. The fretrolling beam. The frequency detuning\() of the cavity
quency switching of the controlling beartbetweenA.  field is set at the middle of the twd. values, i.e.,A,
=111 and 135 MHgis achieved by phase modulating the =123 MHz, as shown in Figs.(d) and 4b), respectively.
controlling beam in the path of the optical feedback with Optical bistability clearly appears in Fig( with a quite
another electro-optical modulatgEOM1). The modulation low threshold powef0.3 mW) when the nonlinear indew,
frequency for a square-wave signal on the EOML1 is 58 kH4s larger fi,~6x10 7 cnm?/W) for A.=135MHz. When
with a rising time<<1 us. Then, we stop the frequency scanthe nonlinear index is lower and has a negative sigp (
of A, and lock it to A,=123 MHz (which is midway be- ~—0.8x10 ' cm?/W) for A.=111 MHz, the threshold in-
tween the two alternating frequencies of the controllingcreases dramatically and bistability appears at a much higher
beam and serves as the operation poifihe ring cavity input power beyond the input power ran@e6 mwW) shown
length is scannedwith a rate of 0.903um/mg from longer in Fig. 4(@). The large intensity range of the cavity field at
to shorter by a ramp voltage on the PZT =135 (A,  the upper branch of the bistable curve of Figo)dis due to
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FIG. 5. Optical switching of the cavity field controlled by the
controlling beam.(@ “On” and “off” states of the cavity field
controlled by the voltage applied on EOM1, shown(bj for two

~7 A _ _ —7
><10_ ef/W (4, Ap—12 .MHZ) and(b) N2 .6X10 cre/W frequency detunings of,=111 MHz (upper voltage levéland
(Ac=Ap+12 MHz), respectively. The cavity input power of the A.—135 MHz (lower voltage level respectivel
switching beam is set at 0.39 mW with all other parameters the °© g P y-

same as in Fig. 3.

FIG. 4. Cavity transmission power vs cavity input power. These
are the steady-state curves of the system far n,=—0.8

the intensity of another laser beam is controlled. Such
frequency-to-amplitude conversion could have significant
the combined effects of stability of the optical cavityhose  applications in optical communication and optical informa-
input intensity scans up and, then, down to observe thigion processing.
bistable curveand an oscillation behavigpossibly dynamic This all-optical switching is quite efficient since it only
instability, as observed in the case of two-level atoms insidgieeds to switch the frequency detuning of the controlling
an optical cavity[16]), which is currently under investiga- beam by a small amouri24 MHz in this casgwhich, in
tion. Finally, we set the cavity input power to bR," turn, gives a switching ratio of better than 30:1 for the cavity
=0.39 mW. When the controlling frequency detuning is output beam intensity. The switching speed of fewin this
switched betweem\.=A,+12 andA.=A,—12MHz, as work is currently only limited by the phase modulation fre-
shown in Fig. %b), the cavity output intensity is switched quency of our setufthe frequency of the driver for EOM1 is
between two distinct steady-state values, as shown in Figimited to 200 kHz for a sinusoidal wave foymSwitching
5(a). The average cavity output peak power of the “on” state cavity transmission intensity with an even smaller change of
is about 1.2uW and the average power of the “off” state is the frequency detuning of the controlling beam should also
less than 0.034.W, which give a switching ratio of better pe possible since, as demonstrated in our measurements of
than 30:1. the Kerr-nonlinear index of refraction earligt5], a 7-MHz

The mechanism of this switching phenomenon can be eaghange inA . can maken, change from a maximum value of
ily understood from Figs. 3 and 4. The two cavity transmis-7x 10~ ¢ cm?/W to zero at near resonance with a lower cav-
sion curvega andb) in Fig. 3 correspond to twd . values ity input intensity of about 1W. However, such an experi-
for switching. When the optical cavity is frequency locked atmental demonstration requires better frequency stability of
A y=65 MHz (resonant position of curve) andA switches  the lasers and the optical cavity. The choices of our fre-
between the two values, the cavity transmission intensityjuency detuningéA, andA,) of the two laser beams in the
also switches between the two steady-state valoes/ea  current experiment were for the stability and repeatability of
and curveb at the resonant position of curegas shown by  the observed phenomena.
the arrow in Fig. 3. For the given experimental parameters  |n summary, we have experimentally demonstrated an all-
(suchashp, I, Pp", andA, values, the cavity detuning of  optical switch of the cavity transmission intensity by control-
A,=65 MHz gives the maximum switching ratio of better ling the frequency detuning of another controlling beam in a
than 30:1. If the cavity is tuned closer to its resonantg ( three-levelA-type atomic system inside an optical ring cav-
<65 MHz), the system becomes unstable. Looking at Fig. 4ity. The dramatic change in the two steady states for different
one can see that the change/nf changes the steady-state frequency detunings of the controlling beam is created by the
curve of the system and forces the cavity field to operate dtarge difference in the Kerr-nonlinear index of refraction en-
different intracavity intensities. One can also consider thishanced by atomic coherence in such a three-level EIT sys-
switching action as a frequency-to-amplitude signal convertem. This system provides a great advantage over the two-
sion since by modulating the frequency of one laser beargvel atomic system since it has large enhanced nonlinearity
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and offers control over the steady states of the system. Aleperate it at much loweteven at single-photgnintensity
though the switching action is not between the two steadyevels [17,18. This kind of Kerr-nonlinearity-induced all-
states of a single bistable curve, the current system is muabptical switching can find applications in optical communi-
more efficient and robust. The switching ratio can easilycation, all-optical computation, and quantum information
reach the level of 30:1 and a switching speed of microsecprocessing.

ond. With further system optimization and technical im-

provements, we can improve the performaficeswitching We acknowledge the funding support from the National
ratio and speégdof such all-optical switching, especially to Science Foundation.
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