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Chaos and coherence in coupled lasers
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A fundamental chaotic instability in a system of two coupled lasers is investigated both experimentally and
theoretically. The amplitude instability and mutual coherence of the light emitted by the lasers is investigated
as a function of the detuning and coupling parameters. A quantitative comparison of the intensity fluctuations
is made with numerical simulations that include noise in the laser detui$i963-651X97)03904-4

PACS numbgs): 05.45+b, 42.50.Lc, 42.55.Rz

Haken’s seminal analogy between fluid dynamics and la- The following equations describe the time evolution of
ser instabilities initiated extensive studies of the Lorenz-likethe complex, slowly varying electric field and gainG of a
chaotic dynamics of the single mode far-infrared ammonigair of spatially coupled, single transverse and longitudinal
laser over the last two decadgs2]. While this is conceptu- mode class B lasefd5,16
ally the simplest chaotic laser system, it is also of great fun-

damental interest that two single-mode lasers that are stable ﬁ_ -1 _ _ ;

individually can exhibit a chaotic instability when coupled gt ~ 7o LG @B kBl HiosEy, (13
[3,4]. Such a system provides a beautiful illustration of the

rich and complex dynamical behavior of two coupled non- dG; )

linear oscillators. Pairs of neurofi§], pacemaker cell§6], ot (p1—G1—G4|E4[%), (1b)
chemical oscillator§7], and Josephson junctiof8] provide

other examples of coupled nonlinear oscillator systems. It dE,

has been theoretically recognized that the amplitudes of the T 72 (Gy— ap)Ey— kKEq ] +iwyE,, (10
coupled oscillators can display a rich variety of unstable be-

haviors for certain regimes of coupling strendfj. How-

ever, there are no experiments on physical systems that have ﬁ: 77 (py— Gy— Gyl Eyl?) (1d)
quantitatively probed the relationship between the chaotic at 7t (P22l

amplitude instability and phase coherence of coupled nonlin-
ear oscillators. In this paper we report the results of precise In these equationsy. is the cavity round trip time
measurements of the amplitude dynamics and phase cohdr=450 ps for a cavity of length of 6 o, is the fluores-
ence of coupled lasers and make quantitative comparisorgence time of the upper lasing level of the §d ion
with numerical models. (240 us for the 1064 nm transitionp, andp, are the pump
Many studies of coupled lasers have been motivated bgoefficients,a; and a, are the cavity loss coefficients, and
the need for high power coherent sources. Coupled semicom; and w, (angular frequencigsare the detunings of the
ductor, solid state, and CQasers have been studig4,10— lasers from a common cavity mode, respectively. The lasers
12], but it is the spatial properties of the output radiation thatare coupled linearly to each other with strengthassumed
have received the most attention, rather than the dynamicab be small, and the sign of the coupling terms is chosen to
characteristics of the emitted light3]. Here, we study the account for the observed stale phase-locked state in which
chaotic dynamics and mutual cohereftd] of two coupled the lasers have a phase difference of 180°. For laser beams
single-mode Nd:YAGnheodymium doped yttrium aluminum of Gaussian intensity profile andef/beam radius the cou-
garnej lasers that are detuned from each other by a verpling strength, as determined from the overlap integral of the
small amount(roughly 1 part in 18 of the oscillator fre- two fields, is defined as=exp(—d%2r2). Control param-
qguency and for which we can vary the coupling strength eters are the frequency detuning of the laserfsw (
over many orders of magnitude. =w,— w4) and the coupling coefficient.
The dependence of the system dynamics on parameters
can be numerically investigated by integrating Ed3.using
*Permanent address: Wedigahe Wilhelms-Universita Institut  different values ok andA w. Figure 1 displays the predicted
fir Angewandte Physik, Corrensstrasse 2/4, 4814%str, Ger- amplitude instability of the two lasers and its relationship to
many. the coherence of the laser light as a function of both the laser
"Present address: Naval Research Lab, Code 6700. 3, Specisparatiord and the detuning\w. The height of the graph
Project in Nonlinear Science, Washington, D.C. 20375-5000. shows the largest intensity value of laser 1 recorded during
*present address: HGM Medical Lasers Inc., 3959 West 1820he 5 ms integration time. The color coding shows the degree
South, Salt Lake City, UT 84104. of mutual coherence between the two lasers, as measured by
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FIG. 1. (Color). Numerically computed parameter space plot of the amplitude instability of two lasers as a function of both the separation
d and detunind\ w. Herep,;=0.053,p,=0.051, ;= @,=0.04, andr =225 um. We use pump parameters that differ by a few percent in
the simulation to account for the fact that the two lasers may be nonidentical in the experiment. The height of the graph indicates the largest
intensity value recorded at a given value of separation and detuning, while the color of the graph denotes the degree of mutual coherence
between the two lasers, as indicated by the fringe visibility. Blue colors indicate low visibilities, while red colors indicate visibilities
approaching unity, as shown in the legend.

the fringe visibility. The visibility V of the fringe pattern ~10* s, demonstrating the chaotic nature of the instabil-
formed by the small angle interference of the laser beams igy.

defined asvV= (I nax— I min)/ (I maxt I min) Wherel g and |l i Insight into the amplitude instability can be obtained by
are adjacent maxima and minima in the fringe profile. Theconsidering the special case of identical laser parameters and
fringe visibility is directly proportional to the absolute value py assuming that the two laser amplitudes and gains are
of the complex degree of mutual cohereridd]. Low vis-  identical. Equationgl) then reduce to

ibilities, shown as blue colors in this figure, indicate states of

low mutual coherence, while reds indicate visibilities ap-

proaching one and therefore high degrees of mutual coher- de
ence. One can clearly see from Fig. 1 that the area where the at
intensity instabilities exist occurs just before the onset of

phase locking and that significant intensity oscillations ap-

pear only around a rather narrow band of detuning values

between 16 and 16 s . A single positive Lyapunov ex- dG
ponent was computed in this regime with a typical value of dt

=7, [G—a— kcod P)]E, (28

=7 1 (p—G—G&?), (2b)
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- single Nd:YAG rod of 5 mm length and diameter in a plane
] Agorontaser | (] parallel cavity. The pump beams are generated from the ar-

FPI ical S
Optical Spectrum gon ion laser outputN=514.5 nm by a system of beam
\ DJ\J\-& splitters and prisms that ensure parallel propagation at an
H o S . . . .
LD:‘;%“"‘ adjustable separation symmetric with respect to the YAG rod
£ — axis. The optical cavity consists of one high reflection coated
— ringe Pattern end face of the rod and of an external planar output coupler
—D)— DT : _ )
Q P 5 with 2% transmittance. A Brewster plate and thick etalon
B _"Tp_ :°_e__ v a Time Serles within the cavity ensure linear polarization and single longi-
'HR AR oc| tudinal mode operation. The lasers were operated at approxi-
[ | | !
=2 E 7 qj—@ mately 33% above threshold pump power. For these param-
' vaGg Etalon | Far Field Pattern eters, the relaxation oscillation frequeney,, is of the order
Coupled Nd:YAG Lasers of 100 kHz. The frequency detuning between the two lasers

can be adjusted by tilting the output coupler slightly, thereby

FIG. 2. Experimental system for generating two Iaterally'mmducmg aml_nutg dlfferer)ce in cavity lengths.
coupled lasers in a Nd:YAG crystal and observing the amplitude 1 n€rmal lensing induced in the YAG crystal by the pump
instability. RP is a rectangular prism; translating this devicePeams of waist radius-20 um is responsible for generating
changes the pump beam separation, and thus the infrared bediy0 Stable, separate cavitig6]. The TEMy, infrared laser
separation. The Nd:YAG crystal is coated for high reflectivi4r) beams have radijat 1&? of the maximum intensity of the
on one side and antireflection coat@R) on the other. The output Gaussian profileof r~200 um and their overlap may be
Coupler (OC) is ?% transmissive; both mirrors at flat. FPI is a Continuous|y Changed by Varying the lateral separaﬂjojf
scanning Fabry-Ret interferometer, and as used to measure thepe pump beams over a range of 0.5 mm—3 mm. The pump
mode spectrum of both lasers. beam separation and profiles are measured directly by a ro-
tating slit technique. In this range, there is no appreciable
dﬁ:ZT’lein(d))ﬂLAw (20) overlap of the pump beams and coupling is entirely due to
dt ¢ the spatial overlap of the infrared laser fields.
The individual output intensity time series are recorded
. X with fast photodetectors and a two channel digital oscillo-
and phase differenc = ¢, — ¢;, where¢, is the phase of  g.qne The optical frequency difference of the lasers is mea-
the fieldE; . _ - sured with a radio frequency spectrum analyzer after com-
Equations(2a)—(2¢) are the rate equations describing @ pining the two beams on a photodetector. A scanning Fabry-

single mode class B laser with variable losses. The phasggot interferometer was used to ensure that both lasers
equation can be integrated exactly, adt) is an un-  ,ggijiated only on a single longitudinal mode.

qu_mded fUI”I.CtiOI"I of time if the detunin|g&w| exceeds a The change of dynamical behavior of the detuned,
critical detuningAw., where coupled system can be seen as the separation of the pump
beams is varied. For a large separatia®=(l.20 mn) the
lasers were stable and incoherent. The visibility of the
This is the critical condition for an amplitude instability finges was low {'~0), and the heterodyne single was mea-
[4]; we also note that the lasers are phase locked for deturfured o be between 30 and 40 MHz. For a small separation
ings smaller tham o, [16]. If condition (3) is obeyed, then (d=0.8 mm), the lasers are stable and phase locked. The
the laser equation€a) and (2b) are periodically modulated Tinge visibility was high ¥~1), and the heterodyne signal

by the cofd(t)] term. The frequency of these modulations iswas absent since the lasers were frequency locked. Figure
given by 3(a) shows a typical intensity time trace characteristic of the

unstable regime. Large bursts of the intensity occur, sepa-
= JAW2— A 2 rated by quiescent periods. Here the lasers were separated by
o= VAe" Ao @ 1.03 mm, which impliesc~2.0x 10°5. Using Eq.(3), we
On the other hand, it is known that the laser relaxation osfind that the condition for an amplitude instability requires
cillation frequencywg (=2mvg) for small 7./7 andk=0  |Aw|>10° s™!, which is verified in our experiments
is given by (Aw=~1 MHz). The intermediate visibility o¥/=0.20 signi-
fies the onset of phase locking. The experimentally measured
2(p—a)|? visibilities are in excellent agreement we the numerically
ToTs ' (5) computed values represented in Fig. 1.
In the experiment, a substantial amount of fluctuation in
This implies the possibility of subharmonic resonance ifthe detuning between the two lasers was observed; the beat
the ratio ofw), to wg is close to an integer. These resonancessignal frequency in the unstable regime fluctuated between 0
then produce branches of subharmonic solutions which exand 10 MHz. In order to obtain quantitative comparison be-
plain the destabilization of the laser systgh7,18. tween measured intensity time series and simulations, we
We have tested the prediction of the amplitude instabilitynumerically investigated the behavior of Eg$) with a sto-
with the experimental system of Fig. 2, which consists ofchastic detuning term, such th&tw(t)=w,— w;, where
two parallel, laterally separated lasers created by pumping @;= wj+ dw;(t). Here dw;(t) is a colored noise term of

for the laser amplitude$E,|=|E,|=¢&, gainsG,;=G,=G

Aa)CEZKTgl. €

or=|
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the average time between adjacent bursts whose intensities
2.5 are greater than some threshold, here defined to be 1.2 times
the average intensity. To avoid counting the same burst
twice, a “quiescence time'ry of 0.8 ms was used such that
1.5 a new spike would be detected no sooner thanThe stan-
dard deviation of the detuning in the experiments was mea-
sured to be on the order of 10 MHz or less; numerically,
0.5 o, = VDX\. Using these statistical measures, the parameters
D and A were adjusted to give quantitative agreement be-
0-00 5 o oo mo 0.0 tween t'he observed experimental results and the numerical
' ) Time'(ms) ) ) S|mulz_;1t|o_ns. The range of_ parametdbs and_)\ that gave
gquantitative agreement with experiment is very limited;
D~0(10°s 1) and\~1~0(10 %s). Figure 8b) shows a
good match with the experimental data.
2.0 In conclusion, we have demonstrated a fundamental am-
plitude instability of two coupled lasers and its relationship
to the mutual coherence of the total field. Theoretical and
numerical predictions, using a dynamical model, of the range

2.0

1.0

Laser 1 Intensity (arb. units)

g

2.6+

Laser 1 Intensity (arb. units)
-
1

1.0 of coupling strengths where the instability is expected to
0.5 occur agree very well with experimental observations. For
large separations, both the model and experiment reveal
°'°o 0 50 100 150 20.0 stable intensities and no appreciable coherence. As the sepa-
® " Time (ms) ' ration is decreased to just above the phase-locking point,

large amplitude fluctuations are observed, in agreement with
FIG. 3. Intensity time traces @8) experiment andb) numerical  numerical predictions. The laser fields exhibit a low degree
simulation. The time trace ifa) was measured at a pump separation ©f mutual coherence for this range of coupling strength. It
of d=1.03 mm, and illustrates the bursting nature of the amplitudéVas necessary to include stochastic detuning fluctuations to
instability. The average interspike interv@$l) is 1.9 ms, the nor- ~achieve quantitative agreement between experimental and
malized standard deviatiom, /I =0.10, and the standard deviation Simulation in the unstable regime. Finally, for even smaller
of the detunings,,,~10° s~ (b) The numerically computed time Separations, phase locking is achieved. The lasers are now
trace of the intensity of laser 1 with an exponentially correlated,found to be stable, mutually coherent, and frequency locked.
stochastic detuning term of strength=5%x10° s ! and correla- These studies are directly relevant to the design of laser ar-
tion time A "?=3 ms. The mean detuningw,=5x10°s !, and  rays; they also reveal a rich and complex dynamical scenario
the standard deviation of the detuning,=1.4x10° s™%. The av-  which should be systematically explored in the future for a
erage ISI was 1.7 ms, ang /1 =0.12. The cavity losses were taken variety of different oscillator systems.
to be 4% and the lasers were pumped one-third above threshold,
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