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Information circulation in a two-mode solid-state laser with optical feedback
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A two-mode solid-state laser subjected to a delayed optical feedback is studied. Simultaneous random
switchings between stable and chaotic antiphase spiking oscillations featuring the establishment of causal
(drive responserelationships among modes have been demonstrated by a propfsedation circulation
analysis of an experimental time series. The observed phenomenon has been well reproduced by numerical
simulations of two-mode laser equations with uncorrelated modal phase fluctuations.
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The nonlinear dynamics in coupled chaotic systdis The experimental setup is shown in Fig. 1. We used a
has attracted much attention during the past decade. In paaser-diode(LD)-pumped 1-mm-thick LiINdFO;, (LNP) la-
ticular, chaos synchronization phenomena have been demoser. The input surface was coated to be antireflective at 808
strated in many physical and biological systems. Most renm and highly reflective99.8% for a 1000-1100 nm re-
cently, Palls etal. introduced an information-theoretic gion. The output surface was coated to be reflectd@9
approach for studying synchronization behavior and identifor the same wavelength region. When the pump power was
fied causal (drive response relationships between two increased from zero, single Iongitudinal-modg loscillatlon,
coupled systems such as coupled Henon maps and brain ti¢hich belongs to the*Fy;(1)—"1,(1) transition, ap-
sues[2]. They showed that a synchronization phenomenoP€ared at 1048 nm. With the increase in the pump power, the
occurs as a result of an adjustment of information rfggs iecond Ias4|ng mode appeared at 1055 nm that belongs to the
In optics, Heilet al. observed spontaneous symmetry break- I ¥ 1)—"111(2) transition[8,9]. Experiments were car-
ing and the establishment of leader-lagger relationship i ied out in this two-mode oscillation regime, in which single

chaotic semiconductor lasers subjected to delayed face-t?-EMOO mode oscillation was maintained. The output was

face coherent optical couplin@]. On the other hand, mul- Inearly polarized at both wavelengths. The output light was

. ' . . divided into two beams and one beaiotal outpui was
timode lasers with delayed optical feedback have visited aéoupled to a 10 m single-mode fiber through a variable op-

promising systems for mvestlgat_lng d(_aterm|n|§t|c dyna'T_"Ctical attenuator. A part of the total output was detected by an
interplay between coupled chaotic oscillators in connection,zaas photoreceiver with a 125 MHz bandwidth followed
with antiphase dynamics, in which the modal intensities Calhy a digital oscilloscope with a 500 MHz bandwidth. An-
be antiphase{4,5. other beam was splitted into two beams and modal outputs at
In this paper, Wevextend the idea of “direction of infor- 1048 nm and 1055 nm were passed through monochrom-
mation flow” by Paluset al.and study a dynamic inter-mode eters. Each output was detected by InGaAs photoreceivers
interplay in a two-mode solid-state laser subjected to thdollowed by the digital oscilloscope. The total and modal
common delayed optical feedback operating in the randonputput wave forms were measured simultaneously and re-
chaotic burstingRCB) state[6], in which the system exhib- corded by a personal computer. The experiment was carried
its switchings between the stable and chaotic operations. Theut under the weak feedback condition @t xT4y/1+ a?
RCB state is thought to be a prototypical example for inves<1, wherex=rq,/7.ro(1—|r,|?) is the coupling strength
tigating time-dependent drive-response relationships estaland« is the linewidth enhancement factor. In this case, only
lished in coupled chaotic oscillators. Here, we propose a dysingle external cavity modéECM) exists in the vicinity of
namic information-theoretic quantity ofinformation two solitary mode cavity frequencies. Here, is the
circulation to identify time-dependent information flows be- roundtrip time within the LNP laser cavityl,4 is the delay
tween two modes on the analogy of the gain circulation intime, r ., is the amplitude reflectance for the feedback beam
multimode lasers that provides the underlying physicalcontrolled by the attenuator, amg is the amplitude reflec-
mechanism for antiphase dynamics, e.g., vanishing gain citivity of the LNP output mirror.
culation rule [7]. We provide a theoretical evidence for A typical example of observed wave forms is shown in
noise-mediateantiphase random chaotic burst generationsFig. 2(a) indicating the switching from the stabjee., relax-
and identify the drive-response relationship between twation oscillation(RO) driven by noisé to chaotic spiking
modes established in the switching process arising from thescillations(SO). Two points should be noted from this re-
cross saturation of population inversions. In addition, a comsult; (1) chaotic bursting appears simultaneously in two
parison has been made between mode selective and commprodes,(2) two modes exhibit distinct antiphase dynamics.
optical feedbacks and its connection with antiphase dynamcorresponding power spectra are shown in Fign).2The
ics is discussed. lower relaxation oscillation frequency component aexist-
ing in the modal output is found to be suppressed for the
total output. The latter result can be understood in terms of
*Present address: Department of Physics, Tokai University. the inherent antiphase dynamics due to cross saturation of
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FIG. 2. Typical output characteristics of the switching behavior for a common optical feedbBatkensities(b) power spectra, an)
information transfer rates and circulation. Information transfer rates and circulation were calculated by using a moving window of 1024
samples with a moving step of 128 samp]g%
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population inversiong10]. The former result ofsimulta- dS(t)/dt=K[ggNy(t) = ]Sc(t)

neous chaotic burstinguggests a degenerate Hopf bifurca-

tion [5], however, it is not self-evident because two modes + 2KV S (1) Se(t—tg)cosO(t) + Fg(t),
having different thresholds are not identical and two modes @)

are expected to have different dynamic propeitied. Then,

an interesting question arised¥hich mode triggers the dNu(t)/dt=W—N.(t)— 0.N.(t )+ t
switching that leads to antiphase chaotic spiking&? an- <t D= GNDLSD+ ASca(V)]
swer this question, we introduce the following information- +Fnk(t), (4)
theoretic dynamic quantity ofnformation circulation to

identify the information flows among modes on the analogy  d¢y(t)/dt=AQ,+ 3 aK[g Ny (t)—T]

of gain and intensity circulations]: .
— KeVS(t=tg)/S(1)SINO(t) +F 4 (1),
TX,Y:TX*)Y_TY*)X! (1) (5)

where O (D) =Qutg+ Pp(t) — dp(t—ty), k=12, (6)

1 1 N3=N1,$3=S;,¢3=¢1,03=0,,A03=A0,. (7)
Tyoyv=—2 SV X)) - =22 S(Y.Y,), (2 . _ -
T T T 7 Here,S, is the normalized photon densithy, is the popula-
tion inversion density normalized by the threshold vaMkg,
is the information transfer rate from a time seriéds =P/Py, is the normalized pump power density, is the
={x(t)} to Y={y(1)} [2,12], where S(Y,Y,) is the self- gain ratio,I'} is the loss ratiog, is the slowly varying part
mutual information forY [13,14]; i.e., a measure of the in- of the optical phase of the lasing fiel&,(t)expi[wt
formation (or predictability that Y can provide abouty,  +(1)]}, and®, is the phase difference between the lasing
={y(t+7)}. (Y,Y,|X) is the conditional self-mutual infor- field and the reinjected fieldQ,=Qq,+AQ, (k=1,2),
mation of the time serieX given the time serie¥. 7* isthe  where(), = w7 is the normalized optical angular frequency
first local minimum ofS(Y,Y,) [15]. WhenTy y>0(<0), of ECMs andQ,,= w7 is the normalized optical angular
the information flows fronX () to Y (X) similar to gain and cavity frequency of thé&th solitary laser mode fluores-
intensity circulationg7]. cence lifetimg. The coupling strength is normalized ag
Using this single dynamic quantity, we can identify the =« 7. In the rate equations, the time has been normalized by
time-dependent change in a direction of information flowthe fluorescence lifetime, K= 7/, (7,: photon lifetime is
among modes by the use of experimental time series. Thihe time ratio, andy is the delay time. Here we assume
result of information circulation analysis of time series of cross-saturation parameter @¢=2/3, g;,=1, g,=0.5, 8
Fig. 2@ is shown in Fig. Z). In the stable(i.e., noise- =0.67,I';=1, andI';,=0.733[8,9]. Fgy, Fnk, andF
driven RQ region before switching occurs, balanced bidirec-are uncorrelated Gaussian white noises that satiBfy(t))
tional information flows are established among modes. Inthe=0 and (F; \(t)F; «(t"))=2D;;6(t—t"). The angular
switching region in Fig. @), the 1048 nm mode becomes a bracket denotes ensemble average Brdis the diffusion
drive that triggers the switching featuring a growing RO coefficient associated with the corresponding noise source.
state, in which the information flows from the 1048 nm Here, the subscrift,j=S,N, ¢.
(drive) mode to the 1055 nniresponsg mode. As the RO The stationary solutions of Eqé3)—(5) are ECMs. The
builds up enough, the system makes a transition to the chaptical angular frequencie®, of ECMs are the solution of
otic SO state at the time indicated HpyWhen the chaotic SO
state is established, bidirectional information flow rates AQ,ty+ Csin(Qty+tan a)=0. (8
among two modes again tend to balance as shown in the
upper figure of Fig. &). At the same time, antiphase spiking The steady-state characteristics can be characterizex loy
oscillation is established featuring the strong suppression dhe case ofC<1 as in the present experimental condition,
the f, component for the total output as shown in Fi¢p)2  there exists only one ECM in the vicinity of each solitary
We have tested many switching events similar to Fig) 2 laser cavity frequency. In the absence of cross saturation
and confirmed the same scenario of time-dependent informdi.e., 3=0), each ECM solution is not always dynamically
tion flows, in which the 1048 nm mode having the lower stable and its stability changes dependingidi,ty in Eq.
threshold triggers the switchin@his implies that the strong (8) [16]. In short, the dynamical stability of ECM depends
1048 nmmode always becomes a drive that triggers thecritically on the solitary laser cavity-frequend@gy in a
switching in this case large delay case. When the mutual coupling through cross
Let us reproduce observed instability paying special attensaturation of population inversions is introduced, however,
tion on simultaneous chaotic bursting and caddaive re- the dynamic stability of the coupled system is expected to
sponsgrelationships between two modes that were observedhange depending da\(};,AQ,] for a givenC. Therefore,
experimentally. By introducing a modal feedback and a cros real experiments, it is expected that frequency fluctuations
saturation due to the population inversion gratigf] into  (i.e., phase noigedwq, are thought to result in random
Lang-Kobayashi equatiorj46], we obtain switching between stable and unstable states in time.
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FIG. 3. Numerical result for nonidentical modds) Intensities,(b) power spectra, an¢t) information transfer rates and circulation.
Adopted parameter =10°, k=27, t;=10 3, W=2.5, AQ;=1.34, AQ,=0.81, Q;=2.16< 10", Q,=2.14x10", =2, andD,,
=30. The condition for calculating information transfer rates and circulation is the same as in Fig. 2.

Let us first examine the effect of noise on laser dynamicsnode is larger than that for the weak mode, wha&(t)
numerically. We tested the effect of three different types of—-rq s _\/P(S,,w)expdd)] (s=1,2) assuming Ra()
noise in dynamical equations and found that uncorrelated, Re(\,) for real parts of complex conjugate eigenvalues

phase noise in Eq5) can well reproduce observed random 111 and the universal power spectra relation RIS
switching between RO and chaotic SO states as expected. SFJ(Sz ;) and S, w ;)<P(Sz pw ) wherel P(FSZ( al);ull)s
’ 1, W2 1 W2/, 1 Ws,

for other noises in photon densifg.g., spontaneous emis- .
X X o : . the power spectral density of tteth mode at frequencw
sion noisé and population inversion densitie.q., pump [17]. This implies that antiphase chaotic spiking oscillations

noise, only degradation in the deterministically generated . . ; :
SO state occurred and no clear switching between two statéEat buildup from th? n0|se_-dr|ven RO state are tnggereq by
e strong mode owing to its larger growth rate and a drive-

was obtained. A typical numerical result indicating the si-t . o ) . )
multaneous switching from a RO state driven by noise to 46SPonse relationship is formed in the growing RO region,

chaotic SO state is shown in Fig(a3 This simultaneous featuring the information transfer from the strong mode to
bursting parallels the experimental result. Correspondinghe weak mode.
power spectra reproducing the observed antiphase chaotic Then, let us examine the case when identical modes in-
spiking oscillations are shown in Fig(l8, in which thef, volve in chaotic burstings numerically. Typical examples are
component is strongly suppressed for the total output. shown in Fig. 4, assuming;=g,=1 andl';=I',=1. The
Calculated information transfer rates and the resultant inchaotic bursting occurs simultaneously for both modes simi-
formation circulation are shown in Fig(@. Obviously, the lar to the nonidentical mode case as shown in Fig),fow-
strong mode becomes a drive transiently that triggers thever, the drive-response relationship is not formed and bal-
switching and a nearly symmetric information flow amonganced bidirectional information flows are established in the
the modes is established in the antiphase spiking region simwhole time region as shown in Fig(e}, featuring antiphase
lar to the experiment. The quantitative agreement betweespiking oscillations shown in Fig.(8). This result implies
the experiment and the numerical result shows that when théae existence of a degenerate Hopf bifurcafidhin the case
system enters the dynamic unstable region in theof identical modes.
[AQ;,AQ,] space by phase noise and the information trans- Finally, let us show the experimental result for a mode-
fer occurs from the strong mode to the weak mode transelective optical feedback. The experiment was carried out
siently. We have numerically examined growth rates of peby injecting one of the modal outputs into the optical fiber
riodic oscillation amplitudes for two modes starting from thethrough the monochrometer, while the other mode is left in
vicinity of stationary solutions above a Hopf bifurcation the free-running condition. Random chaotic burstings were
point. It is found that the growth rate of an infinitestimal observed when the strong 1048 nm mode was subjected to
deviation from the steady-state valueS, for the strong optical feedback and the coupling strength was increased by
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FIG. 4. Numerical result for identical mode®) Intensities,(b) power spectra, an¢t) information transfer rates and circulatio.
=10°, k=150,t43=1.5x10"%, W=3.0,AQ,;=10, AQ,=15, Q;=1.35x 10", Q,=1.40x 10", a=2, andD 4 4= 14. The condition for
calculating information transfer rates and circulation is the same as in Fig. 2.
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FIG. 5. Typical output characteristics of the switching behavior for a mode-selective optical feedback. The optical feedback was applied
only to the 1048 nm modéa) Intensities,(b) power spectra, angt) information transfer rates and circulation. The condition for calculating
information transfer rates and circulation is the same as in Fig. 2.
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10 dB as compared to the common feedback, while the weak It should be mentioned that the present instability is ob-
1055 nm mode feedback was not effective for bursting osserved by a delayed optical feedback from an external reflec-
cillations. The observed simultaneous chaotic bursting wavéor instead of the single-mode fiber. _

forms are shown in Fig.(8). It is interesting to note that the N conclusion, simultaneous random chaotic burst genera-
switching process is qualitatively different from that for the ioNS featuring antiphase dynamics and the establishment of

common feedback shown in Fig. 2. In particular, the Clealdrive—response relationships among modes have been dem-

I . onstrated in a LD-pumped microchip two-mode LNP laser
t_rans_ltlon from the_ RO. state to the chaotic SO state at _thgubjected to a delayed feedback by a proposed information
time indicated byl in Fig. 2 does not occur and the chaotic o ation analysis of an experimental time series. The ob-

SO state is replaced by smaller-amplitude chaotic relaxatiogeryed phenomenon has been well reproduced by numerical
oscillations as shown in Fig(&. Furthermore, the antiphase simulations of two-mode delay-differential laser equations
dynamics is degradated as shown in power spectra of Figncluding the cross saturation of population inversion densi-
5(b), in which the suppression df component for the total ties and uncorrelated modal phase noise. The proposed
output is not sufficient. The drive-response relationship ismethod of information circulation analysis is shown to be the
established in the initial stage of switching behavior, how-most effective for identifying the dynamic interplay among
ever, a significant temporal change in the direction of infor-coupled chaotic oscillators in terms of direction of informa-
mation flow between two modes become apparent in the chaion flow. This methodology would be useful for character-
otic relaxation oscillation region as shown in Figch This  izing complex behaviors in various physical and biological
may result from the violation of antiphase dynamics owingnonlinear systems possessing large coupled degrees of free-
to the strong asymmetry of the system. dom.
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