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Dynamic instability in the transmission field of an optical ring cavity containing three-levelL-type rubidium
atoms is studied in detail both experimentally and theoretically. The onset and periodicity of such dynamic
oscillations in the cavity field can be controlled by the experimental parameters, such as intensity and fre-
quency detuning of the coupling field and/or cavity field. Such nonlinear dynamic behavior is caused by
competition between optical saturation of the cavity field and optical population pumping by the coupling field
in the three-level atomic system.
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I. INTRODUCTION

Dynamic instability was observed and carefully studied in
the upper branch of the optical bistability(OB) curve in a
system with two-level sodium atoms inside an optical cavity
[1]. This dynamic effect was attributed to the mechanism
known as Ikeda instability[2], which appears in analyzing
the stability of the steady states in OB curves, assuming a
medium response time much faster than the cavity round trip
time. In this limit and under certain parametric conditions, a
sequence of period doubling bifurcation leading to a region
of apparently aperiodic dynamic oscillation was observed.
Multimode instabilities as well as oscillatory instabilities
leading to optical turbulence in the OB from a two-level
atomic system were also reported[3]. The off-resonant-mode
instability in mixed absorptive-dispersive optical bistability
was studied and it was shown that a portion of the lower
transmission branch could also be unstable in addition to the
upper-branch instability found in the system with pure ab-
sorptive bistability[4]. The observation of instability due to
the onset of the cavity side mode was reported in a bistable
optical system with a homogeneously broadened two-level
medium [5]. Other kinds of self-oscillation and instability
were also observed using different two-level atomic systems
inside an optical resonator[6]. All the above mentioned the-
oretical modelings and experimental observations were car-
ried out in two-level atomic systems. A different kind of
dynamic instability was observed in the transmission field of
an optical cavity consisting of a cold cloud of cesium atoms
[7]. In this system the degenerate Zeeman sublevels of the
6S1/2 F=4 and 6P3/2 F8=5 states interact with two cavity
fields pumped by one input circularly polarized laser beam.
The instability was considered to be caused by competition
between optical pumping to the state 6S1/2 F=4, mF=4 from
all other Zeeman sublevels and optical saturation of the tran-
sition from the state 6S1/2 F=4, mF=4 to the state 6P3/2 F8
=5, mF8=5. The observed oscillatory behavior in the cavity
output field was modeled as a quasi-two-level system inter-
acting with one cavity field and only qualitative comparison

was made between the observed phenomenon and a simpli-
fied theoretical model[7]. The complexities in that system
are mainly caused by the degenerate Zeeman sublevels in-
volved and the trapping and the repumping laser beams for
creating the cold atomic cloud. The major limitation of that
experiment was the use of only one cavity input(circularly
polarized) beam to provide both linearly polarized optical
pumping and probing(or saturation) beams, which prevented
the two competing physical processes from being indepen-
dently adjusted to systematically study the dynamic instabil-
ity.

Recently, we have experimentally observed similar dy-
namic instability in a system consisting of three-level atoms
inside an optical cavity, as shown in Fig. 1, and demonstrated
dependence of such dynamic behaviors on the intensity of
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FIG. 1. Sketch of a three-levelL-type atomic system and the
optical ring cavity.M1, M2, and M3 are mirrors; PZT is a piezo-
electric transducer;Dc=vc−v23, andDp=vp−v21 are the coupling
and probe frequency detunings, respectively;Pc is the coupling
laser beam;Pp

in,Pp
out are the input and output probe laser beams,

respectively.
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the cavity input field and the intensity of the coupling laser
beam(which does not circulate inside the optical cavity) [8].
While such experimental demonstration clearly shows the
competing processes between the optical pumping from level
u3l to level u1l by the coupling beam and the optical satura-
tion in the transition from levelu1l to level u2l by the cavity
(probe) field, no theoretical model was developed at that
time to provide quantitative comparisons between theoretical
calculations and the experimentally observed results. In this
paper, we further investigate the behaviors of this interesting
dynamic instability as functions of other experimental pa-
rameters, such as frequency detunings of the coupling and
the probe laser beams. We have also developed an appropri-
ate theoretical model to describe the full dynamics of the
three-level atoms(through density matrix equations) inter-
acting with two independent laser fields. The validity of as-
suming this three-levelL-type electromagnetically induced
transparency(EIT) system in view of the involved Zeeman
sublevels has been well established both experimentally[9]
and theoretically[10]. Quantitative comparisons between the
theoretically simulated results and the experimentally ob-
served behaviors are made and good agreements have been
obtained. With the better known absorption[9], dispersion
[11], and nonlinear[12] properties of such three-level EIT
systems, the dynamic behaviors of three-level atoms inside
an optical cavity can be well understood and controlled.

Although phenomena related to optical dynamic instabil-
ity in various atomic systems have been studied for the past
two decades, these observed dynamic effects do not have any
experimental control. Our current system of three-level at-
oms inside an optical ring cavity has many advantages. The
first one is the ability to independently control the frequen-
cies and intensities of the coupling beam and the probe beam
over large parameter ranges. Such tunability allows system-
atic studies of the competing optical pumping and optical
saturation processes, and makes it possible to have quantita-
tive comparisons between experimentally measured data and
theoretically simulated results. Second, due to the reduced
absorption[9], increased dispersion[11], and greatly en-
hanced nonlinearity[12] in such a three-level EIT system,
the optical dynamic oscillation can be observed at much
lower intensities and with much more sensitive dependence
on the frequency detunings and intensities of the laser
beams. Another advantage is the use of a two-photon
Doppler-free configuration in the three-level atomic system
[9], so an atomic vapor cell can be used inside the optical
cavity instead of an atomic beam or cold atomic sample,
which greatly simplifies the experimental setup and opera-
tion. Also, recent advances in demonstrating EIT-related ef-
fects have fueled renewed interest in optical dynamic effects
in multilevel atomic systems, which will have potential im-
pacts on applications of EIT in all-optical switching, all-
optical buffering, and optical soliton generation. In view of
these advancements the controllability of such optical dy-
namic effects becomes particularly important.

The theoretical model is described in Sec. II with pre-
dicted dynamic oscillations in the cavity transmission profile.
The experimental setup and procedures are presented in Sec.
III. In Sec. IV, quantitative comparisons are made between
the theoretical simulations and experimentally measured re-

sults. A detailed discussion is given. Section V serves as a
summary for the findings of this paper.

II. THEORETICAL MODEL

We consider a system withN three-levelL-type atoms
inside an optical ring cavity, as shown in Fig. 1. Our theo-
retical model is based on the density-matrix equations for
three-level atoms together with the modified Maxwell equa-
tion for the cavity field(i.e., input-output field relationship
equation). A coupling laser of frequencyvc near thev23
resonance couples levelsu2l and u3l, while a probe beam
(which circulates inside the optical ring cavity as the cavity
field) with frequencyvp near thev21 resonance couples level
u2l and u1l. Using standard techniques(see, e.g.,[13]), the
following equations for the three-level atomic system can be
derived for the density-matrix elements under the rotating
wave approximation:

ṙ11 = g31sr33 − r11d + g21r22 −
i

2
Vp

*r21 +
i

2
Vpr21

* , s1ad

ṙ22 = − sg23 + g21dr22 −
i

2
Vpr21

* +
i

2
Vp

*r21 −
i

2
Vcr23

*

+
i

2
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*r23, s1bd

ṙ33 = g31sr11 − r33d + g23r22 −
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* , s1cd

ṙ21 = − sg21 − iDpdr21 +
i

2
Vpsr22 − r11d −

i

2
Vcr31, s1dd

ṙ23 = − sg23 − iDcdr23 +
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2
Vcsr22 − r33d −
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* , s1ed

ṙ31 = − fg31 − isDp − Dcdgr31 +
i

2
Vpr23

* −
i

2
Vc

*r21, s1fd

whereDp=vp−v21 andDc=vc−v23 are probe and coupling
frequency detunings, respectively.g21 is the decay rate from
level u2l to u1l andg23 is the decay rate from levelu2l to u3l.
g31 denotes the nonradiative decay rate between the two
ground levels u3l and u1l. g is defined asg;sg21+g23

+g31d /2. The laser linewidthsdvp and dvc for the probe
beam and coupling beam(considered as Lorentzian line
shapes) can be taken into account by placing them in the
decay rates asg→g+dvp, g31→g31+dvp+dvc [9]. Vp and
Vc are the complex Rabi frequencies associated with the
probe and coupling beams, respectively, defined asVp
=−d21Ep/" and Vc=−d23Ec/". d21 is the dipole matrix ele-
ment between levelsu2l and u1l andd32 is the dipole matrix
element between levelsu2l and u3l. Ep andEc are the com-
plex probe and coupling field strengths, respectively.

In what follows we usea (uau2 is the average photon flow,
expressed in units of number of photons per second) to de-
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note the field, which is related to the field strengthE by

Ep =Î "vp

2ne0cSp
ap, s2ad

Ec =Î "vc

2ne0cSc
ac, s2bd

wheree0 is the free-space permittivity andc is the speed of
light in vacuum;Sp and Sc are the areas of the transverse
sections of the probe and coupling light beams, respectively.
In terms ofa the complex Rabi frequencies of the probe and
coupling beams become

Vp = −
d21

"
Î "vp

2ne0cSp
ap ; − 2xpap, s3ad

Vc = −
d23

"
Î "vc

2ne0cSc
ac ; − 2xcac, s3bd

wherexp andxc are two constants introduced for simplicity.
The probe laser circulates inside the optical cavity soap is a
complex variable, which can be expressed asap=a1+ ia2.
The coupling laser is misaligned slightly from the probe laser
axis, so it does not circulate inside the cavity. Without loss of
generality, we can assumeac to be real.

We further introduce the following real variables for the
atomic density elements:

wp = r22 − r11, s4ad

wc = r22 − r33, s4bd

r21 = su21 − iv21d/2, s4cd

r23 = su23 − iv23d/2, s4dd

r31 = su31 − iv31d/2, s4ed

wherewp is the population inversion between levelu2l and
level u1l andwc is the population inversion between levelu2l
and levelu3l. uij andvi j are the real and imaginary parts of
the corresponding matrix elements of the atomic density op-
eratorri jsi Þ jd. According to the definitions ofwp and wc,
plus the additional closeness or trace condition ofr11+r22
+r33=1, we can get the following relations:

r22 =
1 + wp + wc

3
, s5d

r33 − r11 = wp − wc. s6d

Then we can easily rewrite the three-level Bloch equations
for the atomic system from Eq.(1) as

ẇp = −
g23 + 2g21

3
s1 + wp + wcd − g31swp − wcd

− 2xpsa1v21 + a2u21d − xcacv23, s7ad

ẇc = −
2g23 + g21

3
s1 + wp + wcd + g31swp − wcd

− xpsa1v21 + a2u21d − 2xcacv23, s7bd

u̇21 = − gu21 + Dpv21 + 2xpa2wp + xcacv31, s7cd

v̇21 = − gv21 − Dpu21 + 2xpa1wp − xcacu31, s7dd

u̇23 = − gu23 + Dcv23 − xpsa1v31 + a2u31d, s7ed

v̇23 = − gv23 − Dcu23 + 2xcacwc − xpsa1u31 − a2v31d,

s7fd

u̇31 = − g31u31 + sDp − Dcdv31 + xcacv21 + xpsa1v23 + a2u23d,

s7gd

v̇31 = − g31v31 − sDp − Dcdu31 − xcacu21 + xpsa1u23 − a2v23d.

s7hd

Next, we derive the equation that governs the behavior of the
probe fieldap, which circulates inside the cavity as the int-
racavity field. The change of the intracavity probe fieldap on
a round trip time durationt is due to the driving fieldap

in

entering through the laser mirrorM2 with a transmission co-
efficient t2, to the cavity decaygcav (due to the losses of the
intracavity medium and the finite transmissions of the mir-
rors), and to the round trip phase shiftFcav:

t
dap

dt
= t2ap

in − gcavap + iFcavap. s8d

This equation describes the mean field evolution of the probe
beam over time intervals long compared to the cavity round
trip time. The total round trip phase shift in the cavity has
four contributions. The first partF0 is simply the phase shift
of the field propagating in the free space of the cavity. It is
proportional to the geometrical length of the cavity and can
be expressed as

F0 = kL =
2p

l
sL0 + vcavtd, s9d

where L and L0 are the instant and initial cavity lengths,
respectively, andvcav is the cavity scanning speed. If we
assume the cavity to be initially on resonance with the field,
the effect due toL0 can be ignored andF0 simply changes
linearly with time. In the second part of the round trip phase
shift, there are two contributions due to the presence of the
atomic medium in the cavity; i.e., a linear phase shift and a
nonlinear phase shift, which can be calculated through the
first order and third order susceptibilities of the atomic sys-
tem. For three-levelL-type atoms and under the condition
that the coupling field is much stronger than the probe field,
these first and third order susceptibilities can be derived
through a successive approximation method as[14]
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xs1d =
iNud21u2

e0"

1

Y
S1 −

2g31

2g + g21
D s10d

and

xs3d = −
iNud21u4

3e0"3

1

s2g + g21d
1

Y
S 1

Y
+

1

Y* D , s11d

whereN is the temperature-dependent atomic density func-
tion given in [15], andY is defined as

Y ; g21 − iDp +
uVcu2/4

g31 − isDp − Dcd
. s12d

The linear and nonlinear phase shifts are proportional to the
real parts of xs1d and uEpu2xs3d, respectively, i.e., FL
~Refxs1dg andFNL~Refxs3dg. The nonlinear phase shift also
depends on the intensity of the intracavity fielduEpu2 [or uapu2
by the relation of Eq.(2)]. From Eq.(12) one can see that
xs1d and xs3d depend on three parametersDc, Dp, and Vc
(which depends on the coupling laser powerPc). For sim-
plicity, we write FL;esDc,Dp,Pcd and FNL

; fsDc,Dp,Pcduapu2, where e and f are two quantities de-
pending onDc, Dp, and Pc. When the condition of strong
coupling field is not satisfied, we will use the general
density-matrix Eqs.(1) to evaluate the nonlinear susceptibil-
ity in calculating the phase shift.

The last contribution to the round trip phase shiftFp
comes from the interaction of atoms with the cavity field. It
originates from the change in the population of the excited-
state level and can be expressed as

Fp = 2
3s1 + wc + wpdFL. s13d

The total phase shift in the cavity is then given by

Fcav = F0 + FL + FNL + Fp

=
2p

l
vcavt + S1 +

2

3
s1 + wp + wcdDe+ f uapu2. s14d

The phase shift given by Eq.(14) considers only the disper-
sive interaction of fields with atoms and the absorption effect
has been neglected. This is justified by the fact that under
small frequency detuning the absorption coefficient experi-
enced by the probe laser beam is nearly zero due to the EIT
effect [9], while in the large detuning limit the phase shift
due to absorption can be expressed asFa~1/Dp

2 [16], which
is very small compared with the linear phase shiftFL
~1/Dp and nonlinear phase shiftFNL~ap

2/Dp
3 and can also

be neglected.
In terms of its real and imaginary partsa1 and a2, the

equation for the cavity fieldap can be reformulated as

tȧ1 = t2ap
in − gcava1 −

2p

l
vcavta2 − S1 +

2

3
s1 + wp + wcdDea2

− fsa1
2 + a2

2da2, s15ad

tȧ2 = − gcava2 +
2p

l
vcavta1 + S1 +

2

3
s1 + wp + wcdDea1

+ fsa1
2 + a2

2da1. s15bd

The atomic equations(7) and the field equations(15) consti-
tute the total model of our system withN three-level atoms
inside the optical ring cavity. By solving these dynamic
equations simultaneously, we have obtained dynamic oscilla-
tion in the cavity transmission profile, as shown in Fig. 2.
The initial conditions and the values of some parameters
used in the calculation arewps0d=−1, wcs0d=0, u21s0d
=u23s0d=u31s0d=v21s0d=v23s0d=v31s0d=0, a1s0d=63106,
a2s0d=0, gcav=0.03, g21=g23=33106 Hz, g31=1.1
3106 Hz, t<1.2 ns,t2=0.17 (corresponds to 3% intensity
transmissivity), and vcav=200mm/s. The above set of ten
ordinary differential equations shows extreme stiffness at our
experimental conditions so Gear’s third order method with a
variable step size is used to solve these equations. The ap-
pearance(and disappearance) of such dynamic oscillations
and the oscillation period can be controlled by changing the
system parameters, such as the power of the coupling beam
sPcd and cavity input fieldsPpd, as well as frequency detun-
ings of the coupling and probe beams(Dc and Dp, respec-
tively). Quantitative comparisons between the experimental
measurements and the theoretical calculations as functions of
various parameters will be given in Sec. IV.

Similar oscillation in the transmission profile of a cavity
containing cold Cs atoms was observed previously and a
simple model was developed to qualitatively describe the
observed phenomenon[7]. In that experiment, one circularly
polarized laser beam was injected into the optical cavity,
which interacts with all the Zeeman sublevels of the 6S1/2
F=4 and 6P3/2 F8=5 states. The model in Ref.[7] describes
a competition between optical pumping to state 6S1/2 F=4,
mF=4 from all other Zeeman sublevels and optical saturation
of the transition from state 6S1/2 F=4, mF=4 to state 6P3/2
F8=5, mF8=5. To make a direct comparison between our
model and the model used by Ref.[7], let us consider a

FIG. 2. Typical calculated cavity transmission profile. The pa-
rameters used in this calculation arePc=10 mW, Pp

in=2 mW, Dc

=0, andDp=30 MHz.
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simple case in which only two-level atoms are considered
and the frequency detuning of the input field is very large
compared to the atomic decay rate, i.e.,Dp@g. Under these
conditions, the quantities responsible for linear phase shifte
and the nonlinear phase shiftf in our model become

e= Ng2/Dp, s16d

f = − 2Ng4/Dp
3, s17d

whereg is the coupling constant of the atoms with the field,

g2 =
d21

2 vp

2e0"Spc
. s18d

These results agree with the model used in Ref.[7], which
can be considered as a special case of the more general
model presented in this work. Our model not only incorpo-
rates the situation in which the frequency detuning is not so
big compared with the atomic decay rate, but also deals with
other parameters as well, such as the coupling power
(through uVcu2) and coupling frequency detuningsDcd, as a
result of treating the coupling and probe fields independently
in the three-level atomic system. Our theoretical treatment of
the system with three-level atoms inside an optical ring cav-
ity is quite general, which allows direct comparisons with
our systematic experimental studies for the dependence of
such dynamic effects on various experimental parameters.
Also, this model can be used to investigate other dynamic
effects, such as chaos and tunneling in this system.

Another kind of oscillation in cavity transmission is worth
mentioning at this point. When an empty optical cavity is
excited by an incident beam at wavelengthl and the cavity
length is slowly scanned, the output field can show an oscil-
lation, which is known as the cavity ringdown effect[17].
This cavity ringdown oscillation usually exists in long cavi-
ties with high finesse. By summing up all the wave compo-
nents that have undergone multiple reflections, the electric
field inside the resonator at any instant can be obtained and
thus the oscillation period of the output field can be predicted
[17]. This effect can be predicted by our previously derived
model without the atomic medium, i.e.,

t
dap

dt
= t2ap

in − gcavap + i
2pvcav

l
tap. s19d

This simple equation can be solved both numerically and
analytically. Ringdown oscillation can be obtained and the
time difference between the first two oscillation dips can be
measured through theuapu2 versus t plot. At gcav=0.002,
vcav=3600mm/s, l=795 nm, andL0=36.5 cm, the calcu-
lated period turns out to be 0.3ms, which exactly matches
the result obtained in Ref.[17]. To avoid confusion between
this cavity ringdown effect in an empty cavity and the ob-
served optical dynamic oscillation in our experiment due to
nonlinear dynamic effects in the three-level atomic medium,
we make the following comments. First, in order to observe
the cavity ringdown effect, the cavity needs to have very
high finesse, or equivalently the cavity decaygcav should be
very small. For the above calculation, the cavity ringdown
oscillation disappears whengcav is increased to 0.008

(equivalent to a cavity finesse of 400). The value of cavity
decay in our experiment is much higher than this, so we
cannot observe this ringdown effect in our experiment. Sec-
ond, the ringdown oscillation quickly disappears within the
time scale of only several microseconds after the cavity input
laser is turned on. Normally we are not interested in this
transient time region so we can just ignore this initial oscil-
lation. Third, in order to observe the cavity ringdown oscil-
lation, the cavity length needs to be scanned at a very fast
speed(3600mm/s in the above example, which is much
bigger than the one used in our experiment). Finally, the
periods of such cavity ringdown oscillations are usually
much smaller than the values predicted for the optical dy-
namic oscillation in our system.

III. EXPERIMENTAL MEASUREMENTS

Our basic experimental setup is shown in Fig. 3. The en-
ergy levels of the three-levelL-type system in theD1 line of
87Rb atom are shown in the bubble of Fig. 1. The optical ring
cavity is about 36.5 cm long and is composed of three mir-
rors. The flat mirrorM1 and the concave mirrorM2 sR
=10 cmd have about 1% and 3% transmissivities, respec-
tively, while the third mirrorM3 is concavesR=10 cmd with
a reflectivity larger than 99.5% and is mounted on a piezo-
electric transducer(PZT). The cavity decaygcav is estimated
to be around 0.03 assuming a lossless intracavity medium.
The empty cavity finesse was measured to be about 100 with
a free spectral range of 822 MHz. The rubidium vapor cell is
5 cm long with Brewster windows and is wrapped inm metal
for magnetic shielding, as well as heat tape for atomic den-
sity control. The experiment was conducted at a vapor cell
temperature of about 70°C. The probe laser beam enters the
cavity through mirrorM2 and circulates inside the cavity as
the cavity field. Another laser beam, i.e., the controlling or
coupling beam, is introduced through the polarizing beam
splitter (PBS) with an orthogonal polarization to the probe
beam. The coupling beam is misaligned from the cavity axis
slightly (about 2° angle) so that it does not circulate inside
the ring cavity. The cavity is mode matched to the probe
beam using a lens with 15 cm focal length. The radii of the
coupling beam and the cavity field at the center of the Rb
vapor cell are estimated to be 700mm and 80mm, respec-
tively. Due to the insertion losses of the PBS and reflection
losses from the vapor cell windows, the cavity finesse is
degraded to about 45 at a frequency far from atomic reso-
nance. A third laser beam is introduced into the cavity
through mirrorM3, which is used to lock the cavity and its
frequency is tuned far from the probe and coupling lasers to
avoid affecting the experiment. The probe input intensity of
the cavity is controlled by PBS2 and a half-wave plate be-
tween the Farady rotator and the cavity. The coupling input
intensity is also controlled in a similar manner by PBS4 and
a half-wave plate.

Both the probe and coupling lasers are extended cavity
diode lasers. The coupling laser is tuned to the 5S1/2 F
=2↔5P1/2 F8=2 transition, while the probe laser is tuned to
the 5S1/2 F=1↔5P1/2 F8=2 transition in87Rb. Both lasers
are frequency locked to their respective Fabry-Pérot cavities
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using our two-stage locking system, in which the first stage
is to lock the laser frequency to one of the resonant frequen-
cies of an external Fabry-Pérot cavity and the second stage is
to slowly tune the output frequency to any desired value by
changing the voltage applied to the PZT on which one of
Fabry-Pérot cavity mirrors is mounted. Using this method, a
detuning range in the order of several hundred megahertz can
be achieved easily. The frequency detunings of lasers from
their respective atomic transitions are set and monitored
separately by using another Fabry-Pérot cavity. One of the
key advantages of the current experimental system is the use
of the two-photon Doppler-free configuration[9]. By propa-
gating the coupling and probe laser beams collinearly
through the vapor cell containing three-levelL-type ru-
bidium atoms, the first order Doppler effect is eliminated
even in an atomic vapor cell, which greatly reduces the ex-
perimental complications.

The first step in the experiment is to lock the frequencies
of both the coupling and the probe lasers. To achieve this, we
first tune and lock the coupling beam to the resonant fre-
quency of the coupling transition(5S1/2, F=2→5P1/2, F8
=2). Then, we tune and lock the probe beam to the resonant
frequency of the probe transition(5S1/2, F=1→5P1/2, F8
=2). With both lasers frequency locked, we can slowly tune
the applied voltages on the PZTs of the two Fabry-Pérot
cavities to bring the laser output frequencies to any desired
values. Then the length of the cavity is scanned across its
resonance by applying a ramp voltage to the PZT mounted
on mirror M3. The cavity transmission is measured by an
avalanche photodiode. Without the coupling beam, the cavity
transmission profile is basically symmetric. When the cou-
pling field is present, depending on the values of parameters,
the cavity transmission profile becomes asymmetric or oscil-

latory due to dynamical instability. Such an asymmetric cav-
ity transmission profile is caused by the enhanced Kerr non-
linearity in which the index of refraction of the atomic vapor
is dependent on the intensity of the intracavity probe inten-
sity asn=n0+n2Ip [8]. This optical dynamic oscillation in the
cavity transmission depends sensitively on the experimen-
tally controllable parameters, such as intensity and frequency
detuning of the coupling beam and intensity and frequency
of the probe(cavity input) beam. We have made systematic
experimental measurements of the dynamic instability as
functions of these experimental parameters.

IV. COMPARISONS AND DISCUSSION

First, we present a qualitative comparison between the
experimental observations and theoretical calculations of the
optical dynamic oscillation in the cavity transmission. Figure
4 shows three experimental cavity transmission profiles(left
column) and three corresponding theoretically calculated re-
sults (right column) for three different probe frequency de-
tunings. The parameters used in the experimental measure-
ments and theoretical calculations arePc=11 mW, Pp

in

=2.8 mW, andDc=0, with probe frequency detunings(a),
(d) Dp=25 MHz; (b), (e) Dp=35 MHz; and (c), (f) Dp
=45 MHz. The cavity input power is measured just before it
enters the cavity. One can clearly see that the theoretical
calculations match quite well with the experimental results.
The oscillation time period decreases with increasing probe
frequency detuning, until the oscillation finally stops when
the probe frequency detuning reachesDp=60 MHz (not
shown here).

Next, we plot the measured oscillation period as a func-
tion of probe beam frequency detuningDp, as shown in Fig.

FIG. 3. Experimental setup.
LD1 is the probe diode laser; LD2
is the coupling diode laser; PBS
and PBS1–PBS4 are polarizing
cubic beam splitters;l /2 is the
half-wave plate;M1–M3 are cav-
ity mirrors; FR is a Faraday rota-
tor; SAS is a saturation absorption
spectroscopy used to monitor the
probe frequency; and APD is the
avalanche photodiode detector.
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5(a), together with the calculated theoretical curve. As one
can see the agreement between the experimentally measured
data and the theoretically calculated results is quite good.
The parameters used for this plot areDc=0, Pc=11.0 mW,
and Pp

in=3.0 mW for both the experimental measurement
and theoretical calculation. The atomic number density used
for the theoretical curve isN=1010/cm3, corresponding to
T=70.3°C. Figure 5(b) plots the experimentally measured
and theoretically calculated oscillation period as a function
of coupling frequency detuningsDcd with Dp=0, Pc

=11.0 mW, andPp
in=3.0 mW. Figure 6(a) gives the mea-

sured oscillation period as a function of coupling beam
power together with the theoretically calculated results. The

parameters used for this plot areDc=0, Dp=35 MHz, Pp
in

=3.0 mW, andT=70°C. Figure 6(b) presents the experi-
mental and theoretical curves for the oscillation period ver-
sus cavity input power withDc=0, Dp=35 MHz, Pc
=11.0 mW, and T=70°C. The experimental parameters
were all measured directly and no fitting parameters are used
for making such comparisons with the theoretical calcula-
tions.

The instability described here is caused by two competing
dynamic processes in the system, i.e., optical pumping from
state 5S1/2 F=2 to state 5S1/2 F=1 by the coupling field and
the nonlinear saturation effect in the transition from state
5S1/2 F=1 to state 5P1/2 F8=2 due to the cavity field. The

FIG. 4. Experimentally observed and theoretically calculated cavity transmission profiles from an optical ring cavity containing three-
level L-type atoms for three different values of coupling frequency detuning. The left column is the experimental observations and the right
column is the corresponding theoretical calculations. The parameters used in the experiment and theoretical calculation arePc=11 mW,
Pp

in=2.8 mW,Dc=0, and(a), (d) Dp=25 MHz; (b), (e) Dp=35 MHz; (c), (f) Dp=45 MHz.
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oscillation time period is determined by the relative strengths
of these two dynamic processes, which are affected by the
intensities and frequency detunings of the coupling and
probe fields. A qualitative description of the oscillation be-
havior versus the coupling and probe input powers is given
in Ref. [8]. Similar relations also exist for the probe and
coupling frequency detunings, although they are not as
straightforward as their dependences on the intensities of
these two beams. The difference between the power and fre-
quency detuning is that both frequency detunings play the
same role while the probe and coupling powers play opposite
roles, i.e., larger probe power increases the effect of nonlin-
ear saturation while larger coupling power increases the ef-
fect of optical pumping, but both coupling and probe fre-
quency detunings increase optical saturation. When the
coupling frequency detuning increases, the strength of the
optical pumping decreases, which effectively enhances the

optical saturation process. The reason for increasing optical
saturation with increasing probe frequency detuning lies in
the typical EIT absorption behaviors, i.e., lower absorption at
exact resonance due to EIT, but higher absorption with non-
zero probe detuning[9]. These behaviors can be clearly seen
from Fig. 5 and 6. The optical cavity plays an important role
in the observed optical instability. It is the enhanced Kerr
nonlinearity of the multilevel atomic medium due to induced
atomic coherence[12] together with the feedback mecha-
nism through the optical ring cavity that produce such optical
dynamic instability behavior.

The relatively larger differences in the two curves of os-
cillation period versus probe power(Fig. 6) can be attributed
to several factors. One is the neglected spatial distribution
(Gaussian beam profile, focusing, and the propagation effect
in the cell) of the cavity field in the theoretical calculation,
which has a bigger impact for the intracavity field intensity
and its interaction with the atoms. A second important issue
is the uncertainty in experimentally determining the intrac-
avity intensity from the cavity input power due to some in-
accuracy in estimating the cavity field beam size. The third

FIG. 5. Comparison between experimentally measured and
theoretically calculated oscillation period versus(a) probe fre-
quency detuningDp and (b) coupling frequency detuningDc. The
parameters used for the plots are(a) Dc=0, Pc=11.0 mW, andPp

in

=3.0 mW and(b) Dp=0, Pc=11.0 mW, andPp
in=3.0 mW for both

the experiment and theoretical calculation.

FIG. 6. Comparison between experimentally measured and
theoretically calculated oscillation period versus(a) coupling power
and (b) cavity (probe) power. The parameters used are(a) Dc=0,
Dp=35 MHz, andPp

in=3.0 mW, and(b) Dc=0, Dp=35 MHz, and
Pc=11.0 mW for both experiment and theoretical calculation.
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factor is the error introduced by the discrepancy in the mea-
sured and calculated EIT absorption inside the cavity(a
small difference in absorption can have a big effect in the
saturation). Zeeman sublevels in the involved states contrib-
ute to the optical pumping effect, which has not been taken
into account in the theoretical calculation. Another factor
could be the exclusion of second order residual Doppler ef-
fect in this system[9]; it was not considered in the current
calculation.

Currently our experiment is limited by the relatively low
output power of the coupling laser(up to 12 mW delivered
to the atomic vapor cell). Using our theoretical model, we
can predict the oscillation behavior of the cavity transmis-
sion profile at higher coupling power levels, as shown in Fig.
7. One can see that the oscillation period increases initially
up to a maximum value as the coupling power increases.
When the coupling power reaches a certain value(around
18 mW), the oscillation period decreases toward zero with
further increase in coupling power. In experimental measure-
ments, the oscillation might disappear at such higher cou-

pling power due to the imbalance in the competing processes
as demonstrated in Ref.[8], so this oscillation period de-
crease with increasing coupling power might not be ob-
served.

V. SUMMARY

We have experimentally observed and theoretically stud-
ied optical dynamic instability in a three-levelL-type atomic
system inside an optical ring cavity. The optical instability
can be independently controlled by adjusting experimental
parameters, such as the powers and frequency detunings of
the coupling and cavity fields. Such control offers many ad-
vantages over the previous experimental system[7], where
the experimental tunability is limited by the constraint of
using only one laser beam to facilitate the two competing
nonlinear processes. We developed an appropriate theoretical
model to incorporate a three-level atomic system interacting
with two independent laser beams, as well as the effects of
other important controlling parameters such as the coupling
power and coupling frequency detuning. We experimentally
explored the optical instability behavior over large ranges of
the parameter space, and the observations are found to be
consistent with the theoretically calculated results of this
model. These systematic studies of dynamic behaviors in
such an interesting system of a three-level EIT medium in-
side an optical cavity can not only help our fundamental
understanding of atom-cavity field interactions, but also pro-
vide useful information for potential applications of multi-
level EIT systems in all-optical switches, all-optical buffer-
ing, and optical solitons, which are key elements for all-
optical networking. Also, this general equations can be used
to study other dynamic effects in such composite systems of
three-level atoms inside an optical cavity, such as chaos, co-
herent transient effects, and tunneling.
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