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Noise effects in intrinsic laser polarization switching
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A quasi-isotropic CO2 laser near the resonant condition can present bistability in the polarization state, with
spontaneous flips between two orthogonal linear polarization eigenmodes. In this work, we explore the role of
the pump and noise on the polarization dynamics, showing a transition from stable to bistable states and the
presence of coherent resonance.
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I. INTRODUCTION

Laser dynamics is usually explored considering the main
variable, the electric field, as a scalar, since in most laser
systems the polarization is fixed by anisotropies of the cavity.
However, in cavities without any selection of a preferred
polarization, the study of the dynamics must account for the
vector nature of the electric field. Due to this additional degree of freedom, vectorial laser systems can display polarization bistability under certain conditions.
Extensive research on polarization has been developed for
solid-state lasers 关1–3兴, due to their great interest in applications, especially in the case of vertical cavity surface emitting lasers 共VCSEL兲 关4兴. Polarization of a laser beam has
crucial effects in material processing, and therefore it is important to control it also in gas lasers. For laser cutting, operating a beam with circular polarization is highly desirable
and it is achieved by means of a phase shifter which converts
a fixed linear polarization to circular polarization. In stableunstable resonators, radiation exhibits polarization jumps especially when operated near the optimal conditions of high
pumping. In the presence of polarization jumping, the role of
the external phase retarder is lost. In lasers with folded cavities, jumps between two linear polarization directions are
eliminated by the use of a polarization locking mirror which
strongly selects the s polarization.
For the case of a quasi-isotropic laser, the polarization
dynamics has been investigated in several works, pointing
out the role played by the material variables in the selection
of the polarization state 关5–13兴. In previous works, we have
extended this theoretical frame to the study of laser dynamics
driven by more complicated level structures 关14兴, including
also spatial degrees of freedom 关15兴. Furthermore, we have
explored the potential applications of this bistable dynamics,
showing how the polarization can be controlled by means of
feedback, so that information can be encoded in the polarization without affecting the total intensity 关16兴. Ultimately,
we have proved that this information can be transmitted to
another laser by means of synchronization 关17兴.
Thus far, the effects of noise on the bistable polarization
dynamics of a laser has not been extensively studied. In Ref.
关3兴 experimental evidence of stochastic resonance in the polarization state of VCSELs is given. In Refs. 关18,19兴 experi1050-2947/2008/77共6兲/063803共4兲

mental and theoretical studies of coherence resonance are
presented in a VCSEL with polarization bistability induced
by time-delayed feedback.
In this work, we experimentally and numerically study the
effects of noise in the polarization dynamics of an isotropic
CO2 laser with noise-induced polarization bistability, including experimental evidence of coherence resonance 共CR兲. We
observe CR in a quasisymmetric optical system with a bistability based only on symmetry breaking due to residual
anisotropies.
II. EXPERIMENTAL RESULTS

The experimental setup is shown in Fig. 1. It consists of a
quasi-isotropic CO2 laser, with a Fabry-Perot optical resonator defined by a totally reflective mirror and a partially reflective mirror mounted on a piezoelectric transducer 共PZT兲
in order to control the laser detuning. The laser tube is terminated by an antireflection coated ZnSe window. Particular
attention has been devoted to the insertion of two electrodes
in the laser tube for preserving the cylindrical geometry of
the discharge. The cavity length is 550 mm while the discharge length is 420 mm. The active medium is a mixture of
82% He, 13.5% N2, and 4.5% CO2 gases and it is pumped by
a dc discharge current. The laser beam is directed toward the
infrared camera 共PyrocamIII兲 after passing through a linear
polarizer fixed at 45° with the beam direction. The reflected
beam from the polarizer is directed to a fast-response roomtemperature mercury-cadmium-telluride 共MCT兲 detector

FIG. 1. 共Color online兲 Experimental setup: 共1兲 High reflection
mirror, 共2兲 CO2 laser tube, 共3兲 iris diaphragm, 共4兲 output coupler,
共5兲 wire grid polarizer 共beam splitter兲, 共6兲 infrared camera, 共7兲 MCT
detector.
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FIG. 2. Time sequence of polarization switching at different
pump levels. Transition between the low 共6 mA兲 to high 共9 mA兲
discharge current 共dashed line兲. Jumps occur between the two polarization states. Zero intensity corresponds to the state blocked by
the detection setup.

coupled with a LeCroy 500 MHz digital oscilloscope.
To examine the reliability of the polarization dynamics
close to resonant cavity conditions, the discharge current is
slowly changed between an initial value 共6 mA兲 where no
switches between polarizations are observed, to a high value
where a fast switching occurs 共9 mA兲. Figure 2 shows this
transition between the stable condition and the bistable one
where the switching spontaneously occurs. This means that
increasing the pump induces polarization bistability in the
laser when it is in resonant condition. In previous experiments 关14,16兴, we had reported this bistable condition, but its
dependence on the pump level is given here.
The role of noise has also been investigated by adding to
the discharge current a white noise with variable level of
variance . Noise is added when the polarization state is
stable at a low pump level. The switching condition between
polarization states is also achieved in this way. The bistability appears when the noise signal 共rms value兲 is around 5%
of the steady-state value. In Fig. 3 we show the polarization
jumps induced by noise with small  关Fig. 3共a兲兴, and higher
 关Fig. 3共b兲兴, where it appears that the frequency of the
jumps increases.
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This polarization bistability driven by noise shows
evidence of coherence resonance, here reported for
non-solid-state lasers. In order to obtain quantitative measure
of this phenomenon, we study the signal-to-noise ratio
共SNR兲 of the power spectrum of a polarized intensity
component for increasing values of the noise variance
, measured in mV. This magnitude is defined as
SNR共兲 = 10 log10关Ps共兲 / Pn共兲兴, where Ps共兲 is the maximum of the power spectrum of the experimental signal and
Pn共兲 is the corresponding value of the power spectrum for
the extrapolated noise background. In order to clarify this
measurement, in Fig. 4 we plot an example of this experimental signal power spectrum P corresponding to the signal
plotted in Fig. 3共b兲, as well as the corresponding extrapolated
noise background power spectrum, showing the relevant
points 关Ps共兲 , Pn共兲兴 used in the calculation of the SNR共兲.
As it can be seen in Fig. 5, a maximum of the SNR共兲 is
achieved for  ⯝ 600 mV, corresponding to the situation
presented in Fig. 3共b兲.
III. MODEL AND NUMERICAL RESULTS
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FIG. 4. 共Color online兲 Semilogarithmic plot of the power spectrum of the experimental signal plotted in Fig. 3共b兲 共blue line兲, as
well as the corresponding extrapolated noise background power
spectrum 共black line兲. The relevant points used in the calculation of
the SNR are indicated as Ps共兲 and Pn共兲.
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FIG. 3. Experimental laser intensity for the same discharge current of 6 mA with two levels of noise: 共a兲  = 103 mV, 共b兲 
= 600 mV.

Our numerical approach to the described situation is
based on the theory of the isotropic laser developed in Ref.
关6兴, where the optical coherences between upper levels are
included as the source of competition between the orthogonally polarized fields. This theory was developed for the simplest case of rotational levels 共J = 1 → J = 0兲, but it can be
generalized to account for the dynamics of systems with a
more complex level structure 共as HeNe, XeNe 关11兴, and CO2
lasers 关14兴兲, by fitting an effective value of the coherence
decay rate. The model considers only two kinds of possible
transitions, and therefore the population splits in two ensembles. The electric and matter polarization fields can then
also be decomposed in orthogonal components which interact through the coherences between the upper sublevels.
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FIG. 5. Signal-to-noise ratio 共SNR兲 of the maximum peak of the
power spectrum of the polarized laser intensity as a function of the
rms noise value applied to the pump.

In this competitive dynamics, the anisotropy due to the
cavity detuning can decide the polarization of the laser
关9,11,14兴. However, this anisotropy disappears at resonance,
as it is in our case. Additionally, our system is quasiisotropic, and therefore the possible linear anisotropies are
reduced to the unavoidable residual mechanical vibration,
minimal misalignments or even nonuniform heating. All of
these possible effects behave as an effective noise, that is at
the base of the observed bistability. This behavior cannot be
faithfully reproduced with a static linear loss parameter,
which is the usual form in the literature 关5兴. Then, in our
model the linear anisotropy parameter is included as a noise.
Finally, the model reads as 关5,14,16兴
ĖR = 关共DR − 1兲 + i␦兴ER + 共C − ␣兲EL ,
ĖL = 关共DL − 1兲 + i␦兴EL + 共C − ␣兲ER ,
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where ER共t兲 , EL共t兲 are the slowly varying electric fields,
DR共t兲 and DL共t兲 are the respective population inversions.
Subscripts R and L stand for right and left, respectively, indicating that a circularly polarized basis is adopted for the
fields. The losses are  = −c ln共R1R2兲 / 4L = 6.74⫻ 106 s−1.
In our low pressure CO2 laser, the polarization decay is

FIG. 6. 共Color online兲 Numerically generated temporal evolution of the Y polarized intensity component 共black lines兲 and linear
anisotropies parameter ␣ 共red lines兲, for ␤ = 0.01, ␣o = 0.002 and
several values of the pump parameter: 共a兲 r0 = 1.02, 共b兲 r0 = 1.06, and
共c兲 r0 = 1.09.

␥⬜ = 4.4⫻ 108 s−1, the inversion decay rate is
␥储 = 1.95⫻ 105 s−1, and the coherence decay rate is fitted to
␥c = ␥储 关14兴. Therefore, the experimental system corresponds
to a class B laser, and then the polarization matter variables
have been adiabatically eliminated. C共t兲 represents the optical coherence between the upper sublevels in the case of the
transition from a state J = 1 to J = 0. In a matrix density description, C corresponds to the off-diagonal matrix elements
coupling different angular momentum states of the upper
level 关5兴.
The parameter ␦ represents the detuning between the cavity and the atomic transition frequencies. In our numerical
study, we fit ␦ = 0 since in the experiment the laser remains
close to resonant condition. Parameter ␣共t兲 represents the
linear anisotropies in the losses with respect to the laser
eigendirections 共in the following XY axes, see Fig. 1兲. As
mentioned above, in our model the linear anisotropy parameter is included as ␣共t兲 = ␣o⑀共t兲, where ␣o is a small perturbation and ⑀ is a dichotomous noise varying in the interval
关−1 , 1兴, with a characteristic time fitted to the observed experimental polarization flips 关14兴.
The parameter r共t兲 stands for the pump strength normalized to its threshold value. In order to reproduce both experimental forms in which the noisy pump is applied to our
system, we write this parameter as r共t兲 = r0共1 + ␤兲, where r0
is the mean value of the pump,  is a uniform white noise in
the interval 关−1 , 1兴, and ␤ is the maximum noise amplitude.
Here  accounts both for the inner noise of the pump, natural
to any experiment, as well as for the additional noise applied
through the discharge current, as done in the experiment.
Notice that for a better comparison with the experiment,
in Figs. 6 and 7 the fields are written in the orthogonal basis
关EX = 共EL + ER兲 / 冑2 , EY = i共EL − ER兲 / 冑2兴, corresponding to
the eigendirections in the laser.
Numerical simulations have been carried out in order to
analyze the effects of the noise in the pump parameter in the
polarization switching induced by the cavity losses. We have
observed that for a fixed value of ␤, depending on the mean
pump value r0 共or, what is equivalent, on the laser power兲,
the system changes from a stable polarization to a bistable
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FIG. 7. 共Color online兲 Numerically generated temporal evolution of the Y polarized intensity component and parameter ␣, for
constant pump r0 = 1.08 and two values of ␤: 共a兲 ␤ = 0.01, 共b兲
␤ = 0.03.

condition of polarization switching. Thus, depending on the
available energy, the linear anisotropies in the cavity losses
can induce polarization jumps or not. In Fig. 6 we give numerical results of the temporal evolution of the Y polarized
intensity component together with the temporal evolution of
the parameter ␣ 共magnified for better observation兲, for increasing values of the mean pump parameter r0, while ␤ is
constant during the simulation with a value of about 1% of
the global pump. It can be notice that ␣ is about 0.1% of the
total losses , which fits well with a effective noise. We see
that very close to the lasing threshold the polarization rarely
switches 关Fig. 6共a兲兴, but for increasing values of r0, the
jumps occur more often 关Fig. 6共b兲兴 and finally, for sufficiently high values of r0 关Fig. 6共c兲兴, the linear anisotropies in
the cavity losses guide completely the transitions between
the two polarizations. This can be compared with its experi-
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mental counterpart, Fig. 2, where the experimental route
from low to high energy is plotted.
This model also reproduces the experimental response of
the polarization flips when increasing white noise is added to
the pump, shown in Fig. 3. The equivalent numerical results
can be seen in Fig. 7, where the Y intensity is plotted for two
values of the maximum noise amplitude ␤ 共1% and 3%兲 with
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able to reproduce the coherent resonance observed in the
experiment, since the model must fit the unknown cavity
anisotropies through binomial noise in the ␣ parameter.
Therefore, for a certain value of ␣, the noise can induce
polarization flips but they are not coherent unless the perturbation in the losses is periodic.
IV. CONCLUSIONS

In conclusion, we have experimentally shown the noise
induced transition from monostable to bistable polarization
of an isotropic laser. For certain values of the noise, the
polarization flips are maximally coherent. This is one of the
few experimental evidences of coherent resonance in nonfeedback bistable optical systems. A model based on vectorial Maxwell-Bloch equations with optical coherences reproduces most of the results.
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