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Chaotic and periodic passive Q switching in coupled CO2 lasers
with a saturable absorber

Yudong Liu, ' P. C. de Oliveira, t M. B. Danailov, ~ and J. R. Rios Leite
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Two CO2 lasers with SF6 as an intracavity saturable absorber were optically coupled, and their
passive Q-switching dynamics were investigated. The axnount of coupling used induced transitions
from two unsynchronized periodic oscillating lasers into two synchronized chaotic ones. Conversely,
the uncoupled lasers set in the chaotic regime could be made synchronized with a periodic pulsation
after their coupling. Numerical solutions for the laser equations agree with the observations.

PACS nuxnber(s): 42.65.Pc, 42.50.Lc, 42.50.Ne, 42.60.Gd

I. INTRODUCTION

Dynamical systems in high dimensional manifolds are
an open subject of mathematical and physical studies
[1,2] and some of their properties may be studied starting
from its lower dimensional subsystems [3,4]. In optics,
the multimode laser instabilities [5,6] and the transverse
nonlinear optics instabilities [7] are among the problems
in that large &amework.

Here we study experimentally and numerically the dy-
namics of two single mode CO2 lasers with intracavity
saturable absorber when they are submitted to variable
amount of optical coupling. When isolated this type
of lasers have been extensively studied [8—12]. Under
appropriate conditions the saturable absorber leads the
continuously operating laser into a periodic passive Q-
switching instability by a subcritical Hopf bifurcation.
Further change in a control parameter produces cascade
period doubling and type I intermittence with Shil'nikov
homoclinic orbits giving routes to chaos verified experi-
mentally and numerically [8—12]. The numerical results
are obtained &om a model where the absorber is a two
level resonant absorbing medium and the amplifier is de-
scribed by a three level medium [9]. In the mostly studied
cases of CO2 laser with molecular absorber (SFs, CHsI,
etc.) the first instability has pulses with frequency in the
range of 50 kHz. When one of the parameters like the
absorber gas pressure or the cavity tuning is changed this
&equency changes and lower frequency features appear,
showing a widely studied scenario of chaotic pulsation
[8-12].

In our experiments two such lasers were optically cou-
pled by sending part of each output beam into the other
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laser cavity. As shown below, even for a small amount
of coupling ((6%%uo) their dynamics changes with a rich
variety of possibilities. For instance, the two lasers may
be in stable cw condition but the extra beam intensity
due to the coupling creates an effective higher saturation
and makes one or both cross the threshold for pulsed Q-
switching operation. This occurs without any change in
the lasers pumping rates. Thus periodic or chaotic pul-
sations may result &om the coupling. Numerically and
experimentally we show that if the coupling is mainly
on the lasers absorber it induces positive correlated pul-
sations while for the coupling on the gain media only
there will be negative correlation between the pulses of
the two lasers. This last effect is analogous to the mode
hopping in two mode pulsed lasers (the modes compete
for the same gain) [13]. Other behavior observed on the
coupled system is not directly intuitive. The two lasers
may be in a chaotic uncorrelated regime when isolated
and by the coupling both fall in a synchronized periodic
regime. Similarly, two lasers may be in uncorrelated peri-
odic oscillations and after coupling both are synchronized
periodic or chaotic. All these experimental features were
predicted numerically [14] and observed as discussed be-
low.

II. THE EXPERIMENT

The two lasers used in the experiment are depicted in
Fig. 1. Laser A had a 150 cm long cavity with a 5 m ra-
dius of curvature gold coated mirror at one end and a 150
gr/mm difFraction grating on the other. The mirror was
mounted on a piezoelectric transducer (PZT) ceramic for
fine frequency cavity tuning (60 MHz) within each CO2
line. A grating reflecting 70%%uv on first order selected sin-
gle CO2 emission and gave the output power by means
of its 30% zero order reflection. The gain medium was a
water cooled 90 cm long Pyrex tube with 1.0 cm diame-
ter, ended by two NaCl Brewster windows. A mixture of
CO2, N2, and He, in the proportion of 1:1:4,Hew with an
average pressure of 10 Torr. A stable high voltage power

supply excited the mixture with 15 mA. The intracavity
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FIG. 1. Scheme of the two coupled COq lasers with sat-
urable absorbers. The lasers were 15 m apart and their char-
acteristics are described in the text.

saturable absorber cell also had NaCl Brewster windows
and was 5.5 cm long.

Laser B was similar to A but its cavity was 185 cm
long. Its diffraction grating only coupled out 1.7% of
the in-cavity power and the main output coupling was
a germanium 5 m curvature mirror made for 20% trans-
mission at 10 p,m. The gain medium of laser B was 75
cm long ended by ZnSe Brewster windows and the excit-
ing current for the gas mixture was 10 mA. Its saturable
absorber cell was also 5.5 cm long.

Lasers A and B were 15 m apart and to achieve their
optical coupling two collimating (5 m radius of curvature)
mirrors were used. Figure 1 shows how the output kom
the grating of laser A was coupled to the output mir-
ror of laser B. The lasers had parallel linearly polarized
output. The power coupling kom laser A into laser B
(and B into A) were measured to be 5.0+0.5%. The two
laser outputs were monitored by HgCdTe photodiodes. A
spectrum analyzer was used to monitor the optical beat-
note of the two lasers during the experiments. Typical
relative frequency jitter was 700 kHz and the two lasers,
operating in the same line, could be PZT tuned up to
6 30 MHz. The high Erequency jitter observed between
the lasers () 500 kHz) allows us to assume that in the
time scale of their Q switching (& 20 ps) any interference
between the two laser 6elds is averaged to zero. Without
gas in the absorbing cells the lasers were coupled and
some changes in their steady operation state was only
detected when their detuning was very small (( 1 MHz).
Avoiding this condition the dynamical changes studied
here were associated to the lasers with the intracavity
saturable absorber and difFerent Rom the case of regular
lasers coupled with injected signal [15,16].

With the two laser gratings selecting the 10$6 p,m

P(1S) COz line, the strong resonance coincidence with
the A2P(33) line of SFs leads to passive Q switching in-

stability of the lasers at a wide range of pressures of SF6
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FIG. 2. Passive Q switching of the two
COs lasers. (a) Before their optical coupling
the two lasers are in chaotic pulsations not
synchronized. (b) Correlation diagram of the
unsynchronized laser intensities. (c) Lasers'
pulsations and (d) intensity correlation af-
ter optical coupling of the two lasers. The
lasers were oscillating at the same optical &e-
quency, with a relative jitter much faster than
the observed pulsation rates.
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in the intracavity cell. A burr gas is usually mixed with
SF6 to control the ratio of linear absorption to satura-
tion intensity in the dynamics of the saturable absorber.
Figure 2 shows the output pulses of the lasers when the
intracavity cell of laser A had 40 m Torr of SF6 mixed
with 600 m Torr of CO2 as a buffer (in the cell the CO2
is mostly in its vibrational ground state and will not ab-
sorb the laser light) while laser B had 20 m Torr of SFs
plus 700 m Torr of CO2 for laser B. Choosing the appro-
priate PZT cavity frequency tuning the uncoupled lasers
were set in chaotic pulsation as given in Fig. 2(a). Un-
blocking the optical path that couples the two lasers gave
Fig. 2(c). The lasers synchronized their pulsations and
became periodic. Figures 2(b) and 2(d) are the two in-
tensity correlations of Figs. 2(a) and 2(c), respectively.
For another PZT tuning, when the two lasers &equencies
were 2 MHz apart and both were in periodic regime when
isolated [Fig. 3(a)], the coupling led them into synchro-
nized chaotic oscillations as shown in Fig. 3(c).

The collision broadening of the SF6 transition by the
CO2 buffer is 10 MHz/Torr while the Doppler linewidth
is 30 MHz. Thus, the absorbers were inhomogenously
broadened for Pgo, (1Torr and when the two lasers had
optical &equencies diH'ering by more than 10 MHz there
was no absorber coupling because each laser saturated a
dHFerent axial velocity. Both lasers had lower saturation
intensities in their absorbers as compared to their ampli-

fiers and so their coupling acted mostly as absorber cou-
pling when the lasers had their optical frequencies sepa-
rated by less than 5 MHz. Positive correlation between
their pulsation resulted as shown in Figs. 2(d) and 3(d).
The case of anticorrelated synchronization was obtained
when the optical frequency detuning of the lasers was 20
MHz. Before coupling they were periodic, in P» ) and
P(x) regimes [ll], respectively, as shown in Fig. 4. After
coupling each laser kept the same type of periodic pulse
shape but they adjusted their pulse rate and separation
to meet the negative correlation condition. Another ex-
perimental coupling was obtained using cross linear po-
larized lasers. Then all leld interferences were further
eliminated at the expenses of smaller coupling coefficient
due to the Brewster windows in the lasers. Again the
coupling between absorbers induced positive correlated
synchronization of the periodic pulsations very similar to
the ones shown in Pigs. 2 and 3. %hen the detuning
of the lasers was bigger than the absorbers hoxnogeneous
linewidths we also observed the anticorrelated pulsations.

Summarizing the experimental observations for the
coupling instabilities, three regions of frequency detuD-
ing can be described: (a) for less than 5 MHz detuning
between the lasers the coupling of power kom a laser on
the absorber of the other could be dominant and synchro-
nized periodic and chaotic pulsation could be induced;
(b) interxnediate detuning 5 MHz & Av & 10 MHz al-
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FIG. 4. Passive Q switching of the COz
lasers. (a) Before coupling the two lasers are
periodically pulsing but unsynchronized. (b)
The intensities' correlation is null. After cou-
pling (c) the lasers remain periodic but be-
came synchronized in anticoincidence pulsa-
tion. Their intensities show (d) a negative
degree of correlation. The coupling was on
the ampli6ers and the lasers' detuning was
20 MHz.
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III. THE MODEL AND THE NUMERICAL
SOLUTIONS

The theoretical model used to describe the laser with
a saturable absorber by the two level-three level systems
of rate equations was introduced by Tachikawa et aL [9].
Following the approximations and notation used in Refs.
[11,14] laser A is described by

I„=r„(U„—U„—1),
Ux ——ew [Wx —Uw (1 + Iw + CiIa)],
W~ = e~ [Ax+ b~U~ —W~],

U~ = e~ (A~ —U~[1+ a~(I~+ CzI~)]) .

(1)
(2)

(3)

(4)

Similar equations hold for laser B. In these equations
I~ is the inside cavity average intensity, U~ is the nor-
malized gain medium population difference, W~ repre-

lowed coupbag iu both absorber and amplifier showing
chaotic instabilities without synchronization; (c) with
large detuning, Av 20 MHz the dominant coupling
was on the amplifiers and antisynchronized pulsations re-
sulted.

sents an effective population describing the three level
population conservation of the gain medium and U~ is
the normalized population difference of the two level ab-
sorber. The time unit is the laser cavity lifetime [thus
the —1 in Eq. (1)]. The other parameters in the equa-
tions are e~ the normalized relaxation rate for the gain
medium population difference, Cq the amplifier coupling
coefficient (assumed symmetrical) between laser A and
B; A~/(I —b~) the gain population inversion and A~
is the absorber population inversion at no laser oscilla-
tion, bg the ratio between relaxation rates of the two gain
medium levels, Z~ is the normalized relaxation rate of the
absorber; a~ the ratio between the saturation intensit'. es
of the absorber and the gain media transitions and C2
the coupling coefBcient of the two lasers absorbers. De-
tailed explanation of these dimensionless quantities and
the physical behavior contained in Eqs. (1)—(4) are given
in Ref. [11].

The numerical solutions of Eqs. (1)—(4) along with the
corresponding four equations for laser B give rise to Q-
switching pulsations with all characteristics observed ex-
perimentally as shown in Figs. 2—4. The choice of pa-
rameters for each laser was made as in Refs. ~11 14~ 'l

to produce pulsed solutions as previously observed in ex-
periments. The coupling coefBcients were assumed in the
range of less than 6%, according to our experimental val-
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ues. The high laser &equency detuning was simulated. by
taking Cq ——0, i.e. , no cross saturation or coupling in the
absorbers. Figure 5 shows the numerical results when we
set the parameters of the uncoupled lasers to reproduce
the so called C( ~ chaotic pulsation which occurs between
Pl2) and Pl ) periodic regimes as noted in Ref. [11].The
pulses shown in Fig. 5(a) should be compared with the
experimental results of Fig. 2(a). The IA versus I~ plot
is given in Fig. 5(b) which should be compared with the
experimental results of Fig. 2(b), where low pulse corre-
lation appear. Solutions with the same parameters and
including coupling coefficients Ci ——C2 = 5% are shown
in Fig. 5(c). Now the solutions for both lasers became pe-
riodic P~ ~, the lasers synchronize and acquired positive
correlation [Fig. 5(d)] in their pulses. This is to be com-
pared with the experimental observation of Figs. 2(c) and
2(d), where the same type of pulses and synchronization
was obtained with a higher degree of positive correlation.
Here we should note that the spikes of the experimental
pulses were shorter than the numerical ones due to lim-
ited time constant in detection. This explains partially
the differences between Figs. 2(d) and 5(d).

Bifurcation diagrams for the diH'erent dynamical states
of the coupled lasers were numerically obtained by vary-
ing the coupling coeKcients in the lasers equations. Fig-
ures 8 and 9 show an example of dynamical bifurca-
tions when the lasers are weakly coupled by their am-

pli6ers, with Cq ——0.05 and the coupling coefFicient for
the absorbers is increased. The parameters in the equa-
tions were chosen to have both lasers chaotically pulsing
when isolated. The small amplifiers coupling, without
absorber coupling, produces the already mentioned anti-
synchronization between the two laser pulses as shown
in Fig. 6(a). As C2 increases, i.e. , as the coupling be-
tween absorbers is introduced, a competition between
positive and negative synchronization sets in. Simulta-
neously the dynamics of the two lasers evolves through
chaotic and periodic bifurcations. Figure 6(b) shows how
the two laser intensities became chaotic when C2 ——0.01.
Further, increasing the absorber coupling show the re-
covery of periodic pulsation for the two lasers. %hat
was veriffed (unfortunately extensive search for differ-
ent parameters in the equations were not done to allow
general statements) was a cascade of period doubling
leading the lasers Rom the chaos, shown in Fig. 6(b),
into positively correlated periodic pulsation, as seen in
Fig. 6(c). Increasing the absorber coupling coefficient be-
yond. 4.2% reestablishes the chaotic pulsations, but now
with a positive degree of correlation, that can be observed
in Fig. 6(d). This may be explained by arguing that the
ampli6er coupling dominates for the purpose of synchro-
nization, despite the fact that chaotic dynamics is on.
Figure 7 shows the corresponding I~ versus I~ phase di-
agrams associated to the time series shown in Figs. 6(a)—
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6(d). The figures showing lower density of points along
the diagonal describe the negatively correlated signals, as
in Pigs. 6(a) and 6(b), while higher density along the di-

agonal mean positively correlated (synchronized) pulses,
as in Figs. 6(c) and 6(d). The full bifurcation diagram
described above is given in Fig. 8, where the maxima of
the intensity of laser A are represented, for C2 between
0 and 5%. Regions of periodic pulsation correspond to
a finite number of values for the maxima as in a and
c in the figure. The shaded areas marked as b and d
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FIG. 7. Numerical solutions of the coupled laser system
of equations calculated with the same parameters as Fig. 6.
Pulse intensities correlations show evolution from (a) anti-
synchronized periodic pulses to (b) partially antisynchronized
chaos then back to (c) periodic but positively synchronized
periodic and finally (d) into chaos maintaining synchroniza-
tion.
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are the chaotic domains. The lasers synchronization was
inspected directly on the pulses intensity diagram and
through a numerical algorithm to calculate the degree
of correlation between two data time sequences. A two
signal correlation can be defined as

N
E;=].(+' —*) (J'+ —

I/)

N 2 N 2E;=&(&'-*) E;=g(v'+ -u)
where x; and y; represent time sequences of dynamical
variables with x and y the respective averages. N is the
number of points of the time sequences and ~ is the time
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FIG. 6. Numerical solutions of coupled laser system equa-
tions for some values of the absorbers coupling coefBcient Cq,
with a axed value of 5'Pp for the gains coupling coefBcient Cq.
(a) Cs ——0.00; (b) C2 = 0.01; (c) Cz ——0.03; (d) Cs = 0.048.
Laser A: e = 0.1369, K = 1.182, A = 1.845, A = 2.16,
a = 4.17, b = 0.847. Laser B: the same parameters, except
A = 1.863.
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FIG. 8. Bifurcation diagram of the coupled lasers dynam-
ics as calculated on the maxima of one laser intensity, as a
function of the coupling coefBcient of the absorbers. Region
(a) corresponds to periodic pulses with negative correlation;
(b) shows chaos with partial negative correlation; (c) has the
period doubling cascade back into periodic pulsation but with
positive correlation; and finally (d) chaos is reestablished now
with positive correlation. The parameters used were the ones
of Figs. 6 and 7.
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antisynchronized periodic pulsations regime, consistent
with Fig. 6(a). The region b shows a small amount of
(negative) correlation and therefore describes a partially
synchronized chaotic pulsations. The segment t- corre-
sponds to Inaximum correlation at no delay which is the
signature of synchronized periodic pulsations and d has
a decreasing correlation also at no delay as function of
the absorber coupling, indicating partially synchronized
chaotic pulsations. Further studies of the properties of
the coupled lasers bifurcation dynamics is under investi-

gation; the above correlation function being used system-
atically throughout the bifurcation diagrams for many
sets of equations parameters.

FIG. 9. Bifurcation diagram of the coupled laser dynamics
as manifested on the absolute value of the maximum of the
correlation function of the two laser intensities, calculated as
a function of the coupling coefficient of the absorbers. Region
(a) corresponds to periodic pulses with negative correlation;
(b) shows chaos with small (negative) correlation; (c) has the
period doubling cascade back into periodic pulsation but with
positive correlation; and finally (d) chaos is reestablished now
with positive correlation. The parameters used were the ones
of Figs. 6, 7, and 8.

delay introduced between the sequences, in units of the
sampling interval. One expects C(r) = 0, independent
of 7, for two totally uncorrelated sequences and C(0) = 1
for perfectly synchronized signals. When the signals have
a certain degree of correlation C(r) g 0. Negative values
meaning an antisynchronization. The best manner to
find the degree of correlation is to find the maximum of
C(r). If it occurs for r = 0 the correlation is positive
and if it occurs for a non-null value of v close to half
the period, or half the quasiperiods in the case of chaotic
signals, the two signals are antisynchronized.

The maximum of the correlation of the two laser in-

tensities using Eq. (5) with the numerical data series of
the bifurcation diagram of Fig. 8 is given in Fig. 9. As

it can be seen in Fig. 9 region a shows maximum cor-
relation. However, it does occur for a delay of half the
quasiperiod of the pulsation and so it corresponds to an

IV. CONCLUSIONS

Considering our crude model neglecting standing
wave effects, inhomogeneous broadening in the absorber
medium, transverse beam profile efFects and other ap-
proximations, there is a very good agreement between the
calculations with a rate equations and our experiments
for the coupling of two lasers with saturable absorber.
The numerical results contain the essential features of
the experiments shown in Figs. 2 to 4 and we conclude
that the main properties of the dynamics of coupled C02
lasers with saturable absorber might be understood by a
system of coupled rate equations. Further properties of
this system await a detailed study and in particular the
phenomena of partial synchronization demonstrated here
will be inspected from the point of view of the templates
for the chaotic attractors of the laser with saturable ab-
sorber [12].

Pote added in proof Sugawara . et aL [Phys. Rev.
Lett. 72, 3502 (1994)], demonstrated two CO2 lasers'
synchronization in a master-slave configuration.
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