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DYNAMICAL INSTABILITIES IN A CC, LASER WITH AN
EXTERNALLY MODULATED OPTICAL FEEDBACK

E. M. Rabinovich, J. M. Kowalski, C. L. Littler,
A.P. Bystrik, J. Prasad, B.J West

CO, lasers are very sensitive to optical feedback and can be driven into a large variety

of dynamical states by an external modulation of the feedback parameters. We report on the
experimental results concerning instabilities of CO; lasers induced by either an additional

passive resonator of periodically varying geometrical length or an refractive index modulation
in the external cavity by an electro-optical modulator. Experimental results show the presence
of stable periodic orbits of different periods, bistability of periodic orbits and chactic attractors
with complex transition scenarios.

1. Introduction and background

The transition from regular to irregular behavior in nonlinear dynamical systems
has been a topic of both experimental and theoretical interest for over two decades. In the
context of laser systems one is interested in the practical problem of the control of the
onset of chaos and in decrease of dynamical noises in the laser cutput intensity. To study
the chaos onset mechanisms a number of laser configurations in which chaos is induced
in the output have been studied, e.g., a CO, laser with internal harmonic modulation of
the loss parameter [1-6], CO, laser with harmonic modulation of the pumping current
[7.,8], a single CO, lasers with delayed opto-electronic feedback [9-11], and two or more
optically coupled lasers [8,12,13].

High-power CO, lasers are very sensitive to radiation feedback. Unintentional re-
flections from the target could be particularly damaging and can destabilize the souice,
i.e., drive it into a chaotic regime of operation. Therefore it is important to understand
how optical feedback induces «instabilities». In this work the extreme sensitivity of CO,
lasers to optical feedback is employed to induce dynamical instabilities in a CO, laser.
Modulation of the optical feedback is provided by either geometrical length modulation
of an additional passive resonant cavity or by refractive index modulation (and, of course,
by optical length modulation) provided by electro-optical modulator placed in an ex-
termal cavity”.

* BriepBEIe pexXmM IepexXofia OT Dery/IPHBIX KojicOammii BRIXONHOH MomHOCTH Himtydenms COj
nasepa K XAaOTHICCKOMY 4Yepe3 MOC/IENOBATC/BLHOCTH YABOCHHS OEPHONA MORY/IIIHU ,ILOﬁPOTHOCTH B
TACCHUBHOH YacTH TPEX3¢PKALHOTO PE30HaTOPa B jAHana3OHe 4HacToT peJlaKCalpOHHBIX RoneGangit ObIl
HccneRoBaH B paGote I'I'. AxayprHa «OKCOSPEMERTAILHOE MCC/AE/IOBalke Tiepexofia B xaoc B CO; nasepe
npH MopyEE godporroctd B B He-Ne nasepe (0.63, 1.15, 3.39 MrM) B aBTOHOMHEOM pexmMe». 1e3HCEI

noxmagoB XII MexxmyHapongoil KoadeperEd IO KOTepeRTHO O HemmHelHo onTHke. Mockra, 1985, C.
304-305 (npumeuanue Pedaxmopa evinycka).
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Both of the above methods provide the opportunity to investigate the instabilities
induced by external optical feedback and complete the picture of dynamical behavior of
CO; lasers with modulating parameters.

2. Experimental procedure

The scheme of the experimental setup is shown in Fig.1. In this scheme an axial
flowing gas CO, laser operating at a wavelength of A = 10.6 um was used. This laser has
the resonant cavity 2.5 m long, the diameter of the discharge tube (2) is 6 mm, and the
pressure of the conventional gas mixture varies from 15 to 20 mm Hg. An additional mir-
ror (3) provides the radiation feedback into the active region, and together with the laser
mirror (3) forms an external passive resonator. Mirror (57 is mounted on a piezoelectric
ceramic drive (6) allowing static tuning and/or periodic modulation of the external res-
onator length.

The length of the external passive resonator does not exceed 30 cm. The laser in-
tensity is measured by a HgCdTe detector (7) monitoring part of the radiation reflected
from the diffraction grating (1). The intensity signal from the detector and its time-
delayed copy are fed into an oscilloscope (10) operating in the x- y mode. The delay line
(8) has a constant delay of 2.5 ps. This simple scheme allows rcal time observations of
the two-dimensional projections of the system trajectorics in the space of delayed sig-
nals. A spectrum analyzer (11) of bandwidth 20 Hz - 40 MHz simultaneously displays
the power spectra. The electronics used allows one to «fieeze» at any instant the phase
portrait and power spectra, and digitize the signal using a digitizer (9) with variable sam-
pling frequencies and store the data.

In the first series of experiments, discussed in Section 3.4, the system was mod-
ulated by placing an electro-optical modulator (EOM) with a quarter wave voltage of 2.2
kV in the external resonator. The EOM was a Cd-Te crystal having an active length of 48
mm, and an aperture diameter of 3 mm. The voltage applied to the EOM had a DC com-
ponent of 1.5 kV and the amplitude and frequency of the modulated signal varied within
100-900 V and 50-85 kHz, respectively. In the second scries of experiments, discussed
in Section 3.B, the intensity and the phase of the feedback radiation were modulated by
the induced oscillations of the feedback providing mirror (5) mounted on a piezoelectric
drive. The driving frequencies varied from 30 kHz to 60 kHz. The frequency range of
these drives is centered on the relaxation frequencies of the considered laser system. The
largest amplitude of the external mirror oscillations was of the order of 1 um for the low-

est driving frequencies and estimated as not exceeding .5 pum for the highest driving fre-
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Fig. 1. Experimental setup for obtaining chaos in a CO; laser: 1 - diffraction grating; 2 - CO, laser tubc;
3 - output mirrer: 4 - ¢lectro-eptical modulator {(EOM); 5 - additional mirror; 6 - piezo-ceramic drive;
7 - liquid nitregen cooled HgCdTe detector; 8 - delay line; 9 - digitizer; 10 - oscilloscope; 11 - spec-
trum analyzer



quencieg used. In both series of experiments thic cxicmal mirror (3) had a 0w Tellectivity
on the order of several percent. In both series of experiments the amount of optical feed-
back radiation was measured to be less than 10%.

3. Experimental results

A. An EOM in the external cavity. The results presented in Fig. 2 were obtained
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Fig. 2. A representative sequence of laser states for a CO, laser obtained by varying the static part of the
loss coefficient while all other laser parameters were unchanged. Left column: time courses of the in-
tensity signal; middle column : projection of the phase trajectories onto ({(2), J(r+1)) plane in the space of
delayed signals; right column: the frequency spectra
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Fig. 3. An exemplary approximate state diagram in
the (driving frequency, modulation amplitude) pa-
ramecter space for a CO, laser with a driven electro-
optical modulator placed in the external rescnator
and with a fixed static part of the intensity loss co-
cfficient

by varying the static part of the loss co-
efficient while all other laser paramecters re-
mained unchanged. The static part of the
loss coefficient was varied by changing the
angle of the output coupler of the laser. In
the right column of Fig. 2 the frequency
spectra are displayed, the middle column
shows the respective phase portraits (In-
tensity(r) vs Intensity(r+t)) and finally the
left column contains the corresponding time
series. These spectra were recorded at a
constant frequency of 83 kHz and a mod-

. ulation amplitude of 150 V. For relatively

low levels of losses the laser intensity fol-
lows the driving signal with a pronounced
second and third harmonic present (Fig. 2,
c). As the losses arc increased, the laser
output becories more and more structured
and period 2 oscillations are observed as

» shown in Figs 2, d, e, f. Subsequently, pe-

riod 4 is obtained for increasing losses as
shown in Figs 2, g, £, i. Similar results were
obtained for period 8 Figs 2, j, k, /. Finally
the frequency spectrum of the laser output
changes into a broad spectrum with a rise in
the floor level. This is a definitive in-
dication that the system is driven into chaos,
as shown in Figs 2, m, n, 0. The chaotic at-
tractor (Fig. 2, n) has a characteristic shape

typical for chaotic states obtained at other driving frequencies.

The bifurcation diagram presenied in Fig. 3 was obtained by varying the amplitude
of ac voltage driving the EOM at a given frequency. The sequence of period doubling bi-
furcation obtained changing modulated losses by means of the EOM was identical to that
cbtained by varying the static part of the loss coefficient as described in the paragraph
above. In this case modulation amplitude was varied while keeping all other parameters
of the laser constant. The results obtained by this method are presented in Fig. 3 in the
form of a complete bifurcation diagram. The bifurcation diagram clearly indicates that
there is a broad range of frequencies in which the laser system conld be driven into in-

stabilities and chaos.

The coexistence of two stable periodic orbits is shown in Fig. 4. Transitions be-
tween two orbits of different periods are shown in Figs 4, g, b. The corresponding fre-
quency spectrum (Fig. 4, b) contains fundamental frequencies of both otbits. Similar bi-

a
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Fig. 4. Bistabilily in COj5 laser with externally modulated optical feedback with the help of ECM
in external cavity: @ - phase portrait, & - spectrum , driving frequency fy = 84 kHz
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Fig. 5. «Hard transitions» to chaos. A direct transition to chaos without any bifurcation is observed

stabilities were reported previously [1,3] with transitions between orbits of period’s 3 and 4.

«Hard transitions» to chaotic orbits also occur in our system (Fig. 5). In this case
there is no period doubling cascade, and a direct transition from period 1 oscillations to
chaos is observed.

B. Vibrating mirror in the external cavity. Instabilities and chaos induced by a
vibrating mirror in the extemal cavity are presented in Fig. 6. The period doubling se-
quence, bifurcations, and attractor shapes obtained in this series of tests are very similar
to those presented in Section 3 A for the EOM placed in the external cavity. Bistable pe-
riodic regime are also possible here. Fig.7 shows the coexistence of two period 1 orbits of
different amplitudes and the same frequency. This is evidenced by the frequency spec-
trum shown in Fig. 7,b with fundamental frequency and higher harmonics.

JWWW
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Fig. 6. Chaos induced by a vibrating mirror in the  Fig. 7. Bistability in CO, laser with vibrating mirror
external cavity, fq = 30 kHz. in external cavity: @ - phase porirait, b - spectrum,
fa=60kHz
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Summary and conclusions

We showed that a CO, laser can be driven into chaotic states by one more, technical-
ly very simple, method where one modulates externally the feedback of laser radiation.

Two approaches were used to drive the laser. In the first setup an EOM is placed in
an external (passive) resonator, and the second one modulating the length of the passive
external resonator. Both of these methods produced mstab1l1t1es and chaos through period
doubling cascades for a broad range of modulation frequencies. Under certain conditions
the system also exhibits bistability and hard transitions to chaos.

The results of this work are very similar to those obtained of a CO, laser with
modulated intercavity losses [1-6]. This is not coincidental, since in the framework of the
simplest one-mode theory one can show the equivalence of these two system in the ap-
proximation replacing the extemnal cavity with modulated feedback by an effective mirror
with modulated transmission / reflection coefficient [14,15].

We would 0 add that the simplicity of the external modulation scheme allows
straight forward implementation [15] of the chaos control techniques [16,17].
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JMBAMIYECKUE HECTAEMILIDOTH B 00, Aidrres
C BHEIHEN MOJIYIAIINEN ONTUYECKOM OGPATHOM CBA3U

.M. Paéuuoéltlz,, .M. Kosanvcrutl, KJI Jlummaep, A.I1. Bucmpuk,
- ‘ﬂm. IIpaceo, B./x. Yacm ;

CQO, na3epel 09eHb YYBCTBHTCIBHBI K ONTUYCCKOM OOGPATHOH CBA3M W OTIH-
JaroTcsa OonblimM paspoobpa3smeM [WMHAMHYECKHX COCTOAHMIE B VCIOBHSX BHEMIHEH
MONYNAUMH [APAMETPOB 0OpaTHOH cBA3W. Msbl  coobuiaeM O  pe3ysibTarax
9KCHEPHMEHTOB, Kacaronmxcs HecTabmmpHOCTeHi CO; 7a3epoB, BBIIBAHHBIX JHGO
NEPUOIMYECKAM WM3MEHEHHEM Te€OMETPUIEeCKOH IMHRI NOUONHATEILHOTO BHEUIHETO
IyCTOro pe3oHaTopa, nu00 Mopynsumedl Ko3(h¢umuesTa OpPenoOMIEHHsS BHEIIHEro
pe3oHAaTOpa IpM OOMOMM  SNMEKTPOONTHYECKOTO  MONYJATOpa.  Pe3ynbTaThl
SKCIIEPAMEHTOB JEMOHCTPUPYIOT HAJNMTNE YCTOMUMBEIX HEPHONMYECKHX TPACKTOPUH C
pasnMYHBIMH IIEPHOJAMH, OUCTaOMNBHOCTH IEPHOSUYECKHX TPAacKTOpHA H HaIWIHe
Xa0THYSCKAX ATTPAKTOPOB, XapAKTEPHA3YIOUMXACS CIIOXHLIME CHCHADUAMH MEPEX0fa K
Xa0cy.
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