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Experimental control of single-mode laser chaos by using continuous, time-delayed feedback

R. Dykstra, D. Y. Tang, and N. R. Heckenberg
Department of Physics and Centre for Laser Science, The University of Queensland, St. Lucia, Queensland 4072, Austra

~Received 22 October 1997!

Control of chaos in the single-mode optically pumped far-infrared15NH3 laser is experimentally demon-
strated using continuous time-delay control. Both the Lorenz spiral chaos and the detuned period-doubling
chaos exhibited by the laser have been controlled. While the laser is in the Lorenz spiral chaos regime the
chaos has been controlled both such that the laser output is cw, with corrections of only a fraction of a percent
necessary to keep it there, and to period one. The laser has also been controlled while in the period-doubling
chaos regime, to both the period-one and -two states.
@S1063-651X~98!02906-7#

PACS number~s!: 47.52.1j, 42.60.Mi, 42.65.Sf, 07.05.Dz
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There are many systems that are limited in performa
because the inherent nonlinearities which they possess
duce instability and chaos. This behavior has had to be
erated with the result of having a reduction in performan
The advent of techniques in the control of chaos may in
future lead to significant enhancement in the performanc
many systems.

Pioneering work in the control of temporal chaos has b
published in several notable papers@1–5#. The first control
of chaos method that was adapted to experiment is know
the OGY method after the three authors Ott, Grebogi,
Yorke @1#. Their method demonstrates that the motion o
chaotic system can be reduced to periodic motion by per
batively controlling the system about one of the many u
stable periodic orbits that exist in the chaotic attractor. T
method was used to experimentally control a magnetoela
ribbon on a period-one and -two orbit@2#, and has also bee
used to control the motion of water in a thermal convect
loop @4#.

More recently a different method of control has be
shown to be successful in the experimental control of cha
This method involves the continuous generation of an e
signal from the difference between the output signal and
value at an earlier time. It is called continuous time-de
feedback and was first demonstrated by Pyragas in 1992@6#.
Subsequently Pyragas and Tamasˇevičius @7#, followed by
Bielawskiet al. @8#, have shown it to be a robust method f
the control of chaos in electrical circuits and a CO2 laser
with modulated losses, respectively. In the paper by Gaut
et al. @9# it was also demonstrated that the method was v
useful for the application to fast systems by using it to co
trol a chaotic nonlinear circuit driven at 10.3 MHz. The
experimental results all pertain to nonautonomous syst
where the chaos results from driving the system at a w
defined frequency. We have now demonstrated contro
chaos using continuous time-delay feedback in a fundam
tally different system: a single-mode laser that displa
Lorenz-like chaos. A nonautonomous system driven to ch
has a sharply defined frequency to which the control
respond. This stability in the phase does not occur
Lorenz-like chaos because the phase is as chaotic as th
tensity.

In our experiments the laser pump power is varied in
sponse to a continuous error signal generated by compa
571063-651X/98/57~6!/6596~3!/$15.00
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the laser output with its value at an earlier time. A gre
virtue of this method is that it does not require knowledge
more than one variable. The experimental setup is sho
schematically in Fig. 1. The most significant parts of t
setup include the13CO2 laser pump and the method whereb
its output is modulated. The rest of the setup including
15NH3 laser operating at 153-mm wavelength and Schottky
barrier diode detector is the same as has been previo
reported by Winet al. @10#. The pump power is controlled by
the use of an acousto-optic modulator~AOM!. The power of
the rf traveling wave injected into the crystal determines h
much of the incident light is diffracted. Amplitude modula
ing the RF drive therefore gives a simple means of produc
a time varying pump power.

The continuous time delay error signal was generated
the following way. Approximately 90% of the output sign
from the Schottky diode detector is fed back into a sim

FIG. 1. The experimental setup.
6596 © 1998 The American Physical Society
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57 6597EXPERIMENTAL CONTROL OF SINGLE-MODE LASER . . .
power splitter recombiner arrangement. The remaining 1
is used to sample the output intensity of the laser. The po
splitter recombiner resistors have values such that the re
tion losses are minimized and 50% of the incident electr
power is injected into a delay line. That part of the signal t
enters the delay line is reflected from the short circuited
and therefore inverted. Upon returning to the junction t
signal recombines with that part which arrives at the junct
the delay time later and does not enter the delay line.
recombined signal forms an error signal that is then am
fied, put through a switch that allows it to be turned on a
off, then attenuated if necessary, and finally used to modu
the drive power for the AOM. With the length of cable us
~80 m initially to give approximately 0.8ms delay plus
whatever lengths are added! the Ohmic losses were recorde
to be about 5–10 %. The time for the error signal to reach
AOM, travel through the crystal, and finally the pump bea
requires 2.2ms. The form of the pump power and hence t
error signal with time~from the diffracted beam! is observed
using a HgxCd12xTe detector. It should be noted that th
feedback of the error signal is always positive unless sta
otherwise. By positive we mean that the error signal is
inverted before the pump power is modulated. The effec
the feedback depends on the delay which cannot easily
varied in our experiment. However, the control of chaos
the laser was relatively easy to observe as the frequenc
the natural oscillations in the laser changes markedly w
small changes in the tuning of the cavity or the pump. T
changes in frequency are large enough to allow control to
observed with many different lengths of delay line. Th
natural variability would make application of this contr
method a good prospect. Figure 2 shows the laser displa
Lorenz-like chaos. However, once the feedback loop
closed the laser quickly moves onto the fixed point, af
which the error signal becomes very small. The maxim
change in pump power in this record is only about 3%. T
simple form of the transient as the loop gains control is
the most general or usual one as usually, there is a perio
metastable chaotic behavior. A more typical case is show
Fig. 3 where there is some metastability and the maxim
peak-to-peak amplitude is 7% of the total pump power. T
sort of transient seems to occur no matter what type of

FIG. 2. Control to the fixed point when the laser demonstra
Lorenz chaos with the lower trace showing the error signal and
upper the laser output. The feedback loop is closed at 260ms and
opened at 520ms.
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namics is controlled in the laser. The control signal shown
Fig. 3, once the laser has moved onto the fixed point, is
small that the recorded trace does not have the resolutio
show it. In Fig. 2, however, the control signal is possib
visible and of magnitude 0.1% of the total pump power. T
control is therefore clearly a perturbative method that sta
lizes the fixed points. This could be a robust method
obtaining greater cw powers out of the single mode las
The control demonstrated in Figs. 2 and 3 is obtained o
for limited parameter ranges and for fixed delay line lengt
The most dominant behavior is the control to a period-o
pulsation as shown in Fig. 4.

This is not surprising as the control to cw lasing can
thought of as being a special case of the control to the pe
one. In Lorenz chaos there exist three unstable fixed poin
the phase space, one at the origin and two from which
trajectories always spiral away. These spirals increase in
riod as their distance from the fixed point increases. T
control mechanism with the delays incorporated as they
embodies a specific resonance frequency because of the
nal’s phase. Change the length of the delay line a fraction

s
e

FIG. 3. Control to the fixed point when the laser demonstra
Lorenz chaos with the lower trace representing the error signal
the upper the laser output. The feedback loop is closed at 260ms
and opened at 520ms.

FIG. 4. Control to period one when the laser demonstrates
renz chaos with the lower trace representing the error signal and
upper the laser output. The feedback loop is closed at 260ms and
opened at 520ms.
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the natural period of the laser’s output intensity and
phase will cause a large change in the error signal. Make
delay equal to the natural period of the laser’s output int
sity and the error signal is minimized, hence the resona
Similarly there is another sensitivity in phase with the leng
of the delay for the signal to be fed back via the pump. Sin
this delay exceeds the pulsation period, the feedback ma
effectively positive or negative depending on the exact t
ing. There is therefore a characteristic spiral radius and t
period where the orbit is stabilized by the effect of the co
trol. Decreasing, for example, the delay line’s length
creases the periodic orbit’s frequency and thus decrease
radius. This could be done up to the point where the la
seems to emit cw only, with the orbit radius too small to
seen above the noise. As changing the length of the d
line is difficult, a more attractive way to explore this beha
ior is to change the tuning of the laser slightly such that
Lorenz chaos has a lower characteristic frequency. In
way it was observed that the period-one output intensity a
plitude and the error signal amplitude decreased in size as
tuning was changed in such a way that the natural oscilla
period of the laser decreased. This can be regarded a
directing of an orbit to a target analogous to the meth
described by Shinbrotet al. @11# in the sense that a trajector
on an orbit can be directed to a desired state in prede
mined way.

FIG. 5. Control to period one when the laser demonstra
period-doubling chaos with the lower trace representing the e
signal and the upper the laser output. The feedback loop is clos
130 ms and opened at 230ms.
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The control exhibited to the period one is not really pe
turbative as the error signal has a peak-to-peak amplitud
approximately 5% of the pump power. Nonperturbative co
trol has also been observed while the laser is detuned a
from Lorenz spiral chaos, in single mode period-doubli
chaos. Figures 5 and 6 demonstrate the control with e
signals of peak-to-peak amplitude, approximately 5% of
pump power. In period-doubling chaos the periodic orb
~i.e., period one, two, three, etc.! exist very close to each
other in phase space. The periods of the orbits divided
their order are however never quite equal. This thereby
lows the resonance of the control to pick out individual p
riodic orbits of different order by making small changes
the tuning of the laser in the same manner as described in
paragraph above. Figure 5 shows the stabilization to
period-one orbit and Fig. 6 shows the stabilization to
period-two orbit, having used only a small amount of tuni
to get from one situation to the other.

In conclusion, we have demonstrated control of chaos
using the time delay feedback method on a single mode l
that displays Lorenz-like chaos. We have demonstrated c
trol to cw lasing and a period-one orbit when the laser d
plays Lorenz-like chaos. It has also been shown that w
the laser is detuned to exhibit period-doubling chaos con
is also possible with period-one and period-two orbits,
though not perturbatively.
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FIG. 6. Control to period two when the laser demonstra
period-doubling chaos with the lower trace representing the e
signal and the upper the laser output. The feedback loop is clos
260 ms and opened at 230ms.
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