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Synchronous Sisyphus effect in diode lasers subject to optical feedback
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Diode lasers exposed to moderate optical feedback, when biased near threshold, exhibit low-frequency
intensity fluctuations in the RF spectrum that materialize as dropout events in the intensity time series. We
recorded high-quality intensity time traces and frequency spectra of these events that show a new phenomenon
in which the dropout events synchronize and appear at regular time intervals. The fine structure of the indi-
vidual dropouts is recorded with an ultrafast digitizer that reveals the presence of fast oscillations occurring in
the picosecond range. Numerical work based on the single-mode single-delay Lang and Kobayashi rate equa-
tions shows a locked state consisting of sharp intensity pulses that are slowly modulated and locked to an
extraordinarily regular patternS1050-294{@9)01608-X]

PACS numbse(s): 42.55.Px, 42.65.Sf, 42.60.Mi, 05.45a

Over the past two decades, external cavity diode lasersuild-up of the average intensity. They suggested that these
have been successfully utilized for linewidth narrowing, sup-pulses are the manifestation of a form of imperfect mode
pression of unwanted secondary solitary modes, and redutcking that is frustrated by the drive towards the maximum
tion of modulation-induced frequency chiffp]. Yet in spite  gain modd 7]. Subsequently, Fishet al.[8] reported streak
of these technological achievements, diode lasers subject tamera observations of these irregular picosecond light
optical feedback continue to pose challenging problems impulses within the coherence collapse region, and attributed
nonlinear dynamics in optical systems. One subject undethis pulsing behavior to chaotic itinerancy with drift. These
intense investigation is the sporadic dropout events, ofteinvestigations focused on the deterministic aspects of the
referred to as low-frequency fluctuatiofisFF’s) [2]. LFF's  events. In contrast, Hohdt al. [9] showed numerically that
manifest in the laser emission as a sudden reduction of lasgpontaneous-emission noise can significantly influence the
intensity followed by a gradual return to full power. Tartwijk statistics of the dropout events. By measuring the statistical
et al. [3], employing the metaphor of the mythical Greek distribution of the dropout events and the dependence of the
character whose fate was to always roll a stone up a hill onlynean time as a function of feedback strength, they found
to watch it roll back down, named this process the Sisyphuagreement with predictions of stochasticity made by Henry
effect. This phenomenon was noticed as early as 1977 bgnd Kazarinov{10]. Hohl et al. also concluded that for an
Risch and Voumard4] in the radio-frequency spectrum accurate description of the dropout events, both deterministic
(RF) of their measurements. Over the years it has been inand stochastic mechanisms are necessary.
vestigated experimentally and analyzed theoretically in a Furthermore, in the earlier literature on LFF’s, some very
number of stochastic and deterministic settings. Howeverprovocative experimental observations suggest that genuine
the origin of the key mechanism inducing this behavior stilllocking phenomena may occur. Besnatdil.[11] found in a
remains unclear. feedback experiment that when the external cavity laser op-

Recently, progress has been made towards elucidating therates in this unstable regime, a locking of the dropout events
origin of the LFF’s. Sano numerically investigated the Langcan occur, giving rise to a narrow resonance in the RF spec-
and KobayashiLK) rate equations near the threshold of thetrum, which manifests as a self-modulation of the intensity.
solitary laser[5]. He determined that the sudden intensity Attempts to explain this phenomenon by expanding the LK
drops are caused by a crisis between local chaotic attractoegjuations in external cavity modes produced the low-
and unstable saddle-type solutions of the steady-state equiequency features observed in the experiment. However, no
tions, called antimodef6]. The subsequent return to full experimental evidence was given for, or account taken of,
power was shown to be a switching between compoundhe high-frequency component intrinsic to LFF as reported in
cavity-mode oscillations. Tartwijket al. [3] substantiated Ref. [8] and numerically shown in Ref$3,5]. Thus this
Sano’s observations and presented numerical evidence coearlier work cannot provide an adequate explanation of the
cerning the existence of strong intensity pulses during théocking phenomena. Understanding the physical mechanism

of this locking phenomenon, which we call tegnchronous
Sisyphusffect, remains an open problem. The region of the
*Present address: Center of High Technology Materials, Univerpumping current where this effect occurs in unusually small
sity of New Mexico, Albuquerque, NM 87131. and appropriate conditions of external cavity length and the
TAlso at the Department of Mathematics and Statistics, Universitydegree of mirror tilting have to be established. The inherent
of New Mexico, Albuquerque, NM87131. Electronic address: noise in diode lasers tends to destabilize and destroy the
vik@darcon.plk.af.mil locking mechanism. But even when these issues are re-
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solved, the ultrahigh-frequency oscillations are still at thebandwidth of 1.7 GHz. We measured the RF spectrum of the
limit of current data acquisition technology. amplified signal with a Hewlett-Packard 8596E RF spectrum
The objective of this paper is twofold. First, using high analyzer and recorded time series with a Tektronix
speed data acquisition, we investigate the ultrafast dynamic®TD720A digitizer with a 500 MHz bandwidth. Addition-
response of the compound cavity. Second, we present evally, we employed a Tektronix SCD5000 transient event
dence of an observed synchronous Sisyphus effect and egligitizer with a 5 psminimum sampling interval, 4.5 GHz
plain it in the context of the well established single delay LK bandwidth, and 1024 samples per trace, to record high-speed
equations. We emphasize that while care is needed in idemvents. However, in order to generate a detectable signal for
tifying the locked state, no adjustments or extensions ar¢his digitizer, an additional amplifier with a gain of 12 dB
required to the LK equations in order to explain this lockingand bandwidth of 1 MHz to 4 GHz was used.
phenomenon. The objective of our measurements was to faithfully cap-
In the experiments, a 20 mW Toshiba TOLD9140 indexture the underlying fast dynamics of the locked state to re-
guided InGaAlP laser diode, emitting at=693nm, was veal the nature of this phenomenon. Initially we measured
used. It was driven by a low-noise current supply and waghe light-current characteristics for both the solitary laser
temperature stabilized t&¢0.01 °C. A high reflectivity silver case and the external cavity arrangement. The threshold of
mirror, located approximately 77 cm from the laser diode,the solitary laser was di,=38.3 mA and reduced to 33.6
created an external cavity with a fundamental frequency ofmA upon coupling with the external mirror. The curve for
fe=(c/2L)=194 MHz. An intracavity beam splitter directed the compound cavity laser showed a characteristic kink at the
a fraction of the light into a Hamamatsu C4258 photodetecsolitary threshold.
tor with a 40 ps rise time. At these low current levels of We have used the expedient way of adjusting the strength
operation, the diode lased in a few solitary longitudinalof the feedback by tilting the external mirror. The necessary
modes throughout the experiment, though the number of exadjustment of the feedback is very critical in order to stabi-
ternal cavity modes that the laser visited was typically venylize the locked state completely. In our particular experimen-
large. tal arrangement, there was no other way of adjusting the
The small photodetector signal was preamplified using atrength of the external feedback. However, it was possible
cascaded Hewlett-Packard 8447D dual amplifier. Each anto grossly adjust the feedback strength by first inserting neu-
plifier had a flat gain of 25 dB up to 1.5 GHzama 3 dB tral density(ND) filters and then making small adjustments
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FIG. 1. (a) Experimentally obtained time seridsy 38.0 mA, of irregularly occurring dropout event®) corresponding RF spectrum,
(c) experimentally obtained time seriés; 39.0 mA, showing periodically appearing events, &ficcorresponding RF spectrum. The arrows
point to the LFF and the synchronous Sisyphus frequency of 19.4 MHz.
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to stabilize the locked state. Indeed, using, for example, a %7
filter to give an additional external feedback loss to the diode 1 /. [
laser of 28%, the locked state was obtained even without Ik "‘\
tilting the mirror and remained stable and of identical form 7 ‘

|

0.735 ns, 1.36GHz

\ )
" i i
for a tilt adjustment up to 0.25 mrad about this position, )
beyond which it gradually lost stability. In both cases, with
and without filter and appropriate tilting of the mirror, the
power versus pumping current diagram was identical.
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laser in the external cavity arrangement as the pumping cur- phe B S2us, 194 MHz |
rentl was ramped in 1 mA increments from 35 to 50 mA. At T T T e
each current step, RF spectra and time traces from both digi- Time [ns]

tizers were recorded. In general, the time domain traces of . - .
he | . . domi db h istic f FIG. 2. Transient digitizer recording of the locked statel at
the laser Intensity are dominated by two characteristic 1ea= g g ma. Three time scales are evident 52(18.4 MH2 corre-

tures: sharp drops of the intensity and subsequent slow ris%’éonding to the period of the synchronous Sisyphus events, 5.1 ns
to full power. Furthermore, the RF spectra showed low-(194 MH2) corresponding to the period of the external cavity modes
frequency peaks at a tenth of the external cavity mode spa@nd 0.735(1.36 GH2 corresponding to the duration of the fast
ing and clear evidence of external cavity modes. pulsations.

At 1=38.0mA, a value of pumping slightly below the
solitary laser threshold, the laser resides in a state betweexternal cavity frequency. Notice also that the pulse bunches
the solitary and external cavity laser thresholds. Figye 1 are separated by 5.1 ns, which matches the round trip time of
shows an intensity time trace measured with the Tektronithe external cavity.
RTD720A digitizer. At this pumping level, dropout events ~ To elucidate the mechanism of this locking phenomenon,
are clearly observed. They occur at widely varying intervals\vé have investigated numerically the Lang and Kobayashi
and due to the low level of pumping the return to full powerde|a¥ differential equatlc_)r[QZ]. The evollutlon of the carrier
is slow compared with the typical picosecond time scale odensityN and the electric field= A exdi®(t)], whereA is
laser diodes. The corresponding Fourier spectra, using &€ field amplitude aneb is the phase, is prescribed by the
0-2-GHz sweep, shown in Fig.(t, clearly reveal high- following set of dimensionless equatiofts3]:
frequency components not resolved in the time trace.

These features are in marked contrast to those obtained at E=(1+ia)NE+ ne™'7E(t—1), @)
a larger pumping level,=39.0 mA, slightly above the soli- _
tary laser threshold. Here, regularly spaced dropout events TN=P—N—(1+2N)|&2. 2

appear and the rise time of the dropouts increases dramati-

cally. Figure 1c) shows such a time trace in which it is clear In the equations, timé is measured in units of the photon
that even though the events seem to occur very periodicallyifetime 7, (7,~1 ps), andT= /7, is the ratio of the car-
nevertheless the shape of the oscillations show small periodier lifetime (7s~1 ns) to the photon lifetime. The external
to-period differences. For this low bandwidth measurementcavity round trip time isr=2L/c7, andwr is the round-trip
the time trace looks almost sinusoidal and the intensity of th@hase mismatch, where is the solitary laser angular fre-
dropouts does not completely reach zero. Figumh shows duency. The excess pump curreRt is proportional to
that even though the frequency content remains very hig!/!w) —1, wherel andl, are the current and its value at the
there is a characteristic frequency of 19.4 M2 ng that solitary Iase( threshold, respectively. The linewidth enhance—
exhibits a very narrow bandwidth. This is the characteristic"€Nt factor is denoted by, and the amount of feedback is

LFF frequency. As the pumping was varied around thisrepresented byy. N L .
value, we found the periodic state to exist for a certain Naturally, a set of simplifying approximations is included

amount of time before it destabilized into irregular dropout the derivation of the LK equations. For example, only one
9 pou solitary mode is taken to lase, even though we determined

events. This happened with greater frequency as the pumpi at a large number of solitary laser modes were present in

approached 39 mA, at which point stab'ilization of the stateq experiment. However, we have determined that the na-
was complete. As was shown in RE#] using streak camera 1o of the locked state does not depend on the number of
observations, and also numerically outlined in Ré&f, the  |55ing modes. Calculations using a multimode model which
underlying structure of the time series of dropout events eXj,cludes gain suppression terms have shown that there is
hibits a spiking behavior well into the picosecond regime.practically no difference in the nature of the locked state
We find this behavior to persist for the periodic dropoutwhen the total intensity is detected. Some of the additional
state. A transient recording of this locked state is shown ireffects observed numerically and confirmed experimentally
Fig. 2. The actual drop in intensity occurs in only a few will appear in a future publication. The presence of a single
nanoseconds and is followed by a period in which the lasedelay term accounts for the empty cavity with a specific fi-
intensity appears to be weak. However, even during thisiesse. Including more delay terms in the model sharpens the
time, there is considerable spiking such that the average irfinesse but does not alter the basic structure of the dynamics
tensity is not zero. In the recovery time we can resolve dan phase space. In addition, these equations have successfully
dominant 1.36 GHZ0.735 n$ oscillation and the 194 MHz explained feedback effects for Fabry-Pefd] and for
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FIG. 4. Filtered intensity time trace of a computed locked state.
Notice the qualitative correspondence with the experimentally re-
corded synchronous Sisyphus event of Fig. 2. The larger number of
pulses in the experimental measurement, Fig. 2, may be attributed
to the fact that the laser could be operating in a number of solitary
longitudinal modes.

collides with approximately the same saddle, but the power
does not drop to zero. Instead of the laser returning to the
o ] solitary laser mode, which is located at abadub~O0, the
- [n SN NS RN NEET FEEEE FERTE RS RN PR TN RN N . H H H
: laser returns to a much larger intensity external cavity mode
180 20 220 240 260 280 300 located atA®~190. For comparison, we also show the fixed
A points in Fig. 3b) (saddles are indicated by circles and the
. , ' nodes by bullets Th rameters for thi Iculation wer
FIG. 3. (@ Numerical calculation of a representative locked 'udicious)ll choin ineorr)ge? toe;iSWc\)/i\}idls EZ C:‘Je?ittgres Sf?i
state. We distinguish a sequence of equally spaced and slow}g y y Key

modulated sharp intensity pulses, and also recognize the high de-ynChronous Sisyphus locked state: the sequence of sharp

gree of regularity between the consecutive bunches of pullps. intensity pulses that are slowly modulated and locked to an

Phase plot of two consecutive periods of the locked state. The diod%)(traor.d inarily regular pattern. . .
In Fig. 4 we show a temporally filtered time trace of a

laser visits approximately the same number of modes in each period . o .
though not necessarily the same ones. The ciré@s denote computed intensity time series that matches key features of

saddles and the bullets) designate nodes of the external cavity. the Sisyphus event obtained experimentally with the Tek-
The quantities in this figure are dimensionless. tronix SCD5000 transient digitizer and shown earlier in Fig.

2. These aréa) the duration of the basic cycles of about 50
distributed-feedback lasef$5]. The essence of the observed ns corresponding to an envelope of 20 MHz close to the
locking behavior, as shown below, originates from a largeobserved frequency of the 19.4 MHz in the RF spectr(on,
number of fixed points present in this operating regime.  sharp pulses of duration less than 1 ns, &od periodic

We found a locked state by solving numerically the LK bunches of pulses that are proportional in duration to the
equations(1) and (2) utilizing a fourth-order fixed-step external cavity length, evident during the recovery of the
Runge-Kutta algorithm, with the following parametei®: laser intensity. Since the intensity was obtained from the
= —0.02 (slightly below the solitary laser threshgJdv=6,  middle of the external cavity laser through the use of a beam
T=282,7=666.70, andy=0.1. There are approximately 130 splitter, our observable consists of a coherent sum of mul-
external cavity modes with these values, half of which ardiple delayed term¢$16]. This particular feature of our ex-
above threshold and therefore their chaotic ruins are reguyperimental setup was also incorporated in the filtering algo-
larly visited by the laser during the LFF process. The nu+ithm. However, we note that in Fig. 2 we have a larger
merical calculation under these conditions shows that th@umber of pulses due to the fact that the diode laser may
structure of the LFF excursions locks to an almost regulaoperate in a number of solitary longitudinal modes. There-
pattern. The periodic state is shown in Figa)31t consists of ~ fore, the agreement between our computations and the re-
a series of very short spikes which are modulated by a sloworded data is at a qualitative level. For our computations we
frequency of about 20 MHz, corresponding to one-tenth ofemployed a typical set of parameters for diode lasers and in
the external cavity spacing. The phase spaceéNofersus particular for the conditions at which the locked state was
AD=®(t—7)—d(t) of two successive periods of this so- observed. These are=0.005 (slightly above the solitary
lution exhibits the periodic visitation of the laser to a re- diode thresholg a=6, T=141, 7=696.70(corresponding to
stricted set of external cavity modes in the range of 190—285n external cavity of 77 cim =0.08, »7=0.0, and photon
rather than 0-310, as would normally happen under LFRlecay rate of 1.357 ps. A cutoff frequency of 1.5 GHz was
operation. As shown in Fig.(B), the laser visits approxi- used for temporal filtering. The level of feedback was deter-
mately the same number of modes in each period though nanined from an experimentally measured reduction of 8% in
necessarily the same modes. The dropout event happeti¥ threshold current for lasing compared to that for solitary
when the laser, on its way towards the maximum gain moddaser.

-1.2F
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Furthermore, extensive calculations with the addition oflocked state in which the dropout events occur periodically,
stochastic noise to mimic spontaneous-emission events r@icluding the underlying high-frequency components of its
veal that there is a sensitive balance making the existence dynamics. In addition, we have numerically explored the LK
the locked state possible. As the strength of the noise i€quations and identified basic features of the locked state
gradually increased, the locked state loses its stability anguch as the sequence of sharp slowly modulated intensity
the laser wanders into LFF only to return to the locked statéulses, locked to a markedly regular pattern. Also, through a
for a certain amount of time. The RF spectrum, and in parfiltering algorithm we made a comparison with our time-
ticular the shape of the LFF frequency, broadens and foflomain measurements of the intensity taken with the ul-
large noise the signature and identity of the locked state arfafast digitizer. Even though we have clearly identified the
lost. A statistical analysis of the time intervals between dropPresence of a locked state in the case of a single mode singe

out events has an almost Poissonian distribution for low/€/2Y LK dynamical system, intriguing questions remain, for

. . ~ example, about the origin of the locked state. Does it origi-
pump levels and collapses tofunction with the appear nate from a global bifurcation? Or, is it some form of mode

ance of the locked state. In cases where the laser is nOiSi%cking'? These issues will be addressed in the future
the synchronous Sisyphus phenomenon is less readily ob- ' '

served. However, we have found clear evidence of bimodal- The authors wish to thank I. Wallace for his assistance in
ity in the distribution of the dropout occurrence times. Thissome of the experimental measurements. Also discussions
shows that the locked state can appear intermittently. Similawith Angela Hohl, Thomas Erneux, and Rajarshi Roy are
results regarding bimodality have been reported by Hohpratefully acknowledged. T.C.N was supported from Air
[17]. Force Office of Scientific Research through the National Re-

In this paper we have studied experimentally the fast dysearch Council. V.K. was supported by the Air Force Office
namics of the intensity dropout events as a function of pumpef Scientific through a University Research Resident Pro-
ing current. We have provided a detailed investigation of egram.

[1] G. P. Agrawal and N. K. DuttaSemiconductor Laser§/an [10] C. Henry and R. F. Kazarinov, IEEE J. Quantum Elect2.

Nostrand, New York, 1993 294 (1986.
[2] M. Fujiwara, K. Kubota, and R. Lang, Appl. Phys. LeB8, [11] P. Besnard, B. Meziane, and G. M. Stephen, IEEE J. Quantum
217(1981). Electron.29, 1271(1993.
[3] G. H. M. van Tartwijk, A. M. Levine, and D. Lenstra, IEEE J. [12] R. Lang and K. Kobayashi, IEEE J. Quantum Electr®8.93
Sel. Top. Quantum Electroi, 466(1995. Most of the earlier (1980.
literature on LLF's is reviewed in this article. [13] P. M. Alsing, V. Kovanis, A. Gavrielides, and T. Erneux,
[4] C. Risch and C. Voumard, J. Appl. Phy&3, 2083(1977). Phys. Rev. A53, 4429(1996.

[5] T. Sano, Phys. Rev. AQ, 2719(1994).

[6] G. Lythe, T. Erneux, A. Gavrielides, and V. Kovanis, Phys.
Rev. A55, 4443(1997.

[7] A. M. Levine, G. H. M. van Tartwijk, D. Lenstra, and T.
Erneux, Phys. Rev. A2, R3436(1995.

[8] I. Fischer, G. H. M. van Tartwijk, A. M. Levine, W. Elsasser,
E. Gibel, and D. Lenstra, Phys. Rev. LeT6, 220 (1996. Quantum Electron30, 2277(1999.

[9] A. Hohl, H. J. C. van der Linden, and R. Roy, Opt. L6, [17] A. Hohl, Ph.D. thesis, Georgia Institute of Technology, Atlanta

2396 (1995. (1995.

[14] Jun Ye, Hua Li, and John G. Mclnerney, Phys. Rev4A
2249(1993.

[15] J. Mark, B. Tromborg, and J. Mark, IEEE J. Quantum Elec-
tron. 28, 93 (1992.

[16] F. de Tomasi, E. Cerboneschi, and E. Arimondo, IEEE J.



