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Recovery process of low-frequency fluctuations in laser diodes with external optical feedback
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The recovery process of low-frequency fluctuations is experimentally investigated in a semiconductor laser
with external optical feedback. Monotonic stepwise increase of the light output intensity is observed for
various external cavity lengths. The time interval of each step corresponds to the round-trip time of the external
cavity. Transitions between steps and dynamics within each step are analyzed. Experimental results are dis-
cussed with reference to the scenario of chaotic mode itinerancy. Statistical properties of time intervals be-
tween power dropout events are also discusggti063-651X99)05012-9

PACS numbgs): 05.45-a, 42.55.Px, 42.65.Sf

I. INTRODUCTION detection system with a bandwidth up to 6 GHz. In particu-
lar, by setting a long external cavity length, we obtained a
There has been some recent interest in the study of lowdirect observation of the build-up process immediately after
frequency fluctuation$LFF’s) in laser diodes with external the power dropout. We found that the light intensity fluctu-
optical feedback. The phenomenon is characterized by a@tes around certain discrete levels during each round trip
irregular oscillation whose frequency is much smaller tharfime in the recovery process. By averaging the time trace
either relaxation oscillation or external cavity beat frequen-over multiple (usually about several thousangower drop-
cies. Early research concentrated on experimental observallt events, a clear monotonic stepwise increase of light in-
tions of power dropouts of laser output, measurements density is observed. The dependence of the average step
distributions of the time interval between power dropoutWidth and average step number on bias injection current and
events, and parameter dependence of such meagLi@s external reflectivity is investigated. Dynamics within one
Different explanations of the origin of LFF’s have been pro-Step is dominated by relaxation oscillations. In the second
posed. One explanation used the Lang-Kobayashi rate equBart of this paper, we explain the recovery process of LFF's
tion of the single-mode model to describe the dynamics of terms of a transition among compound cavity modes. The
LFF's and obtained a set of external cavity modes. Based ofomparison between the compound cavity mode distribution
the mode distribution, it was interpreted that the power drop@nd experimental observations gives an intuitive interpreta-
out occurs when a crisis arises between a local chaotic aflon about the stepwise increase of the light intensity in the
tractor and an antimode and the recovery process of LFF's d§covery process of LFF’s. Discussions on the validity of the
a result of chaotic itinerancy among external cavity modes$ingle-mode model and the statistical property of power
[3,4]. Erratic picosecond pulsing of light intensity anticipated dropout events are also given.
from the numerical model has been observed in experiment
[5]. On the other hapd, results of some recent experime_nts Il. EXPERIMENTAL RESULTS
[6,7] suggested multimode operation of a laser accompanied
with the occurrence of LFF’s. Besides the above determinis- Experiments are performed using a,8h _,As laser di-
tic descriptions, descriptions based on stochastic origin havede (Sharp LT024 which lases in single mode with a wave-
also been proposed. One stochastic scenario describes thangth of 782 nm at the threshold bias current of 43.9 mA
lasers behave as an excitable medium and that LFF’'s afd3]. Figure 1 shows the experimental setup of the laser with
induced by nois¢8,9]. The excitation model well accounted feedback. The temperature of the laser is stabilized to within
for the parameter dependence of the average time betweeaout 0.05°C. An external mirror of 95% reflectivity is
dropout events in LFF’s. Another stochastic model based oplaced at a distance from the laser output. This distance can
the analytic prediction of Henry and Kazari@@] provided  be varied between 0.3 and 10 m. The light output is detected
an explanation for the experimental measurements of the stavith a 6-GHz bandwidth photoreceivéNew Focus 1531
tistical distribution of the time between dropout events andThe signal is analyzed with a spectrum analyZ22-GHz
the dependence of the mean time on feedback strgddih  bandwidth and a digital oscilloscopdlLeCroy9362, 750
However, further investigations are needed to clarify theMHz analog bandwidth Instead of a conventional neutral
mechanism for LFF’s and distinguish between the differendensity(ND) variable attenuator, an acousto-optical modula-
scenarios proposed so far. tor (AOM) is used to adjust the feedback strength. This is
This paper focuses on an experimental investigation of th@erformed by directing the zeroth-order diffraction beam into
recovery process of LFF's. Recently, Hegagtyal.[12] used  the laser cavity and changing the diffraction ratio with the
a fast detector and a sampling oscilloscope to measure thentrol signal. We have observed LFF's for different exter-
averaged recovery dynamics. In this work, we vary the exnal cavity lengths. Figure 2 shows typical waveforms of
ternal cavity length from 30 cm to 10 m and compare recovLFF’s for (a) Le,=805cm and(b) L= 75cm, both at,
ery dynamics of different external cavity lengths. We use a=45 mA.

1063-651X/99/6(6)/65957)/$15.00 PRE 60 6595 © 1999 The American Physical Society



6596

Beam
Splitter

Control
Signal ;

LD

Optical
Isolator

PD
RF Spectral

Digital
Analyzer Amp

Oscilloscope

FIG. 1. Experimental setup for the observation of LFF’s.

A. Monotonic stepwise increase of light intensity

To investigate the recovery process of LFF’s, we trigger
the oscilloscope at the power dropout and observe the time

trace after the power dropout. FiguréaBshows a typical
result for L.,=805cm. Fine structure of the dynamics
within one round-trip timer(=2L./c=53.7 ns) of the ex-
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ternal cavity can be observed clearly by setting a long exter- FIG. 3. (& Single-shot time trace antb) average time trace
nal cavity length. At the beginning of the recovery process infter power dropouts occur &§=45mA andL =805 cm. Nota-

Fig. 3(a), one can easily recognize distinct steps of light in-

tionsa—f in (a) are indicated for comparison with Fig. 8.

tensity. To obtain a more clear image of the build-up pro-
cess, we perform an averaging of time evolution over multiple power dropout events. This was easily performed with
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FIG. 2. Experimental time trace of LFF's foi(a)
=45mA, Lg=805cm, andb) |,=45mA, L~=75cm.

Iy

the oscilloscope since the trigger signal is very robust due to
the sharpness of the power dropout. Figutb) 3hows an
averaged waveform of the build-up process as a result of a
superposition of time traces for over 3000 events. The fast
oscillations seen in Fig.(8) are washed out by the averaging
process. In fact, the average waveform does not show sig-
nificant change after averaging over several tens of wave-
forms. Figure 8) shows a very clear monotonic staircase of
the light intensity. In each step, the average light intensity is
locked to a certain level. It is found that the time duration of
each step corresponds to the round-trip time of the external
cavity.

It might be argued that the above staircase of light inten-
sity is only a property of the long external cavity. To answer
this, we examined the averaged waveform for different ex-
ternal cavity lengths. Figure 4 depicts the results for the ex-
ternal cavity lengths ata) L.,=600cm, (b) L,~=300cm,

(¢) Lexy=150cm, and(d) Le,=75cm. We adjust the sam-
pling time according to the external cavity length and nor-
malize the light intensity variation since changing the exter-
nal cavity length in the experiment inevitably changes the
feedback strength and thus results in a variation of the oscil-
lation amplitude. From these figures, we found tliata
stepwise increase of light intensity exists in the recovery pro-
cess of LFF's for all external cavity length@,) the duration
time of each step corresponds to the round-trip time of the
external cavity,(iii) the step difference gets smaller as the
intensity increasesiv) there appears in each step some high-
frequency oscillation components which are not washed out
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time (ns) (iv) The average step difference depends on the bias in-

jection current and keeps almost constant when varying the
FIG. 4. Averaged time traces for different external cavity feedback strength. The average step difference is calculated
lengths atl,=45mA. (a) Leg=600cm, (b) Leq=300cm, (€)  py dividing the power increase by the number of the steps. In
Lex=150 cm, andd) Lex=75cm. Fig. 6, we show the step difference averaged over the first
four steps immediately following the dropout as a function of
by averaging, and such high-frequency oscillation compothe bias injection current.
nents become more noticeable for a short external cavity
length. C. High-frequency dynamics

Figure 7 shows some typical examples of single-shot
B. Parameter dependence waveforms of the recovery process for different parameter

When varying the bias injection current or external reflec- 4
tivity while fixing the external cavity length, we observed the
dependence of the recovery process on the parameters
follows.

(i) A stepwise increase of the light intensity is verified for
all parameters as long as LFF is observed.

(ii) The step width corresponds to the round-trip time of
the external cavity for all parameters.

(iif) The average time interval between consecutive powe
dropout events, expressed as numbkerof the round-trip
time 7, depends on both the external reflectivity and the bias
injection current, i.e.N;<x and N; *=l,. N, was calcu-
lated from a time trace with over @ower dropout events.
Figure §a) shows the variation ofN, versus the external FIG. 6. Measured step differenc¢averaged over the first four
reflectivity and Fig. o) shows the variation df, versus the  steps immediately after the dropputs a function of bias injection
bias injection current. These results are consistent with prezurrent at_.,,=805 cm. Solid line is a fit to the data points. Solitary
vious works[1,2]. threshold isl ,=43.9 mA.
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FIG. 7. High-frequency dynamics of LFF’s for different parameter conditidas=(c) Variations with bias injection current fdrg,,
=805 cm and feedback strength-610.9 dB. (a) |,=44 mA, (b) | ,=46 mA, (c) | ,=47 mA. Solitary threshold i§;,=43.9 mA. (d)—(f)
Variations with external cavity length fdg=45 mA. (d) Legy,=300cm,(€) Ley=75cm, (f) Le=45cm.

conditions. Waveforms corresponding to different bias injec-due to mode locking of compound cavity modes, a stepwise

tion current levels are plotted ifa) |,=44mA, (b) I, increase of the amplitude could be explained by discrete

=46 mA, and(c) 1,=47 mA atL.=805cm, while wave- jumps of the center frequency of the compound cavity modes

forms for different external cavity lengths are plotted(@  involved. We can speculate that even if high bandwidth mea-

Lex=300cm, () Legy=75cm, and(f) Lo,=45cm atl,  surements were made, discrete steps could still be seen in the

=45mA. recovery process after averaging over multiple power drop-
The rf spectrum of the LFF oscillations showed threeout events. Confirmation of this is left for future work.

kinds of components: low-frequency power dropout events,

the beats between external cavity modes, and high-frequency

oscillations with frequency at or near the relaxation oscilla- lll. DISCUSSION

tion frequency. These three types of oscillations can be iden- A. Description of the recovery process based on compound

tified in the waveforms of Fig. 7. The amplitude of relaxation cavity modes

oscillations is enhanced as the injection current increases, as

seen in Figs. (b) and 7c). This enhancement was also ob-  The experimental observation of the stepwise increase in

served in a recent experiment on the recovery process dhe light intensity suggests to us that it may be appropriate to

LFF’s for a short external cavity12]. attempt a description of the recovery process in terms of a
Several reports on high bandwidth observations of LFF'ssequence of transitions among compound cavity modes.

described the observation of high-frequency pulsing behavFirst, we make the following hypotheses.

ior [5,6]. Any such high-frequency oscillations would not be (i) In each step of the recovery process of LFF'’s, the laser

observed in Fig. 7 due to the bandwidth limitation of theis “locked” near a certain compound cavity mode. The light

oscilloscope. If we could repeat our experiment with a higheiintensity fluctuates around a level which is characteristic of

bandwidth, it is possible that what would be actually ob-that mode.

served would be a steady increase in amplitude of high- (ii) The “lock” time is typically equal to the round-trip

frequency pulsing. In this case our results imply that therdime of the external cavity. After this time the oscillation

may be a stepwise increase in pulse amplitude. If pulsing ifumps to another mode.
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2 modes increases with feedback strength, as can be seen in
Eq. (A3) and (A4).

It is not clear how valid this single-mode scenario is for
describing LFF’s involving multiple modes. It has been
shown that even if the laser without feedback lases in a
single mode, LFF’s in the presence of moderate optical feed-
back may involve multiple model$,7]. As pointed out in
[6], oscillations in total intensity may be associated with out-
of-phase oscillations of the multiple modes. However, so far
there has been no specific dynamical model of multiple mode
dynamics corresponding with experimental observations re-
lating LFF’s. According to theoretical models for a multi-
mode laser diode with optical feedback, modes couple
weakly through the depletion of the commonly shared carri-
ers and the gain cross-saturation effdd,16. The coupling
strength among different longitudinal modes is independent
of the external feedback and is generally very weak com-
pared with either the gain factor or the feedback effect.

FIG. 8. Mode distribution diagram at the same parameter conTherefore, we speculate that the compound mode distribu-
dition with Fig. 3. Black and white circles denote, respectively, tion obtained from single-mode models might be regarded as
compound cavity modes and antimodasdenotes the fixed point a simplified representation of that for the multimode model,
for solitary laser. Horizontal axis is inverted for comparison with which provides a description of mode transitions. To further
Fig. 3@. investigate the exact dynamic origin of the recovery process
(i) The sequence of steps in intensity seen in the reCOVQ:)rlr_wI;Zr?s,o(;]alv(\:/ﬁft![ﬁgssli)r?gslzdm%r:jéh;or?jl::lltli:rzdfe(;?;?rdei "’:/T/i
ery process is associated with an ordered sequence of co Yould emphasize that the validity of hypothegBs-(ii)

pound cavity modes. d t rel h i f the sinal d
The recovery process of LFF’'s has been previously de- 0es not rely on the assumptions ot the single-mode sce-

scribed as a sequence of transitions among compound caviﬂ?r'o'

modes[3,4]. Specifically, LFF has been described as motion ) o

around the elliptical distribution of compound cavity modes B. Mean-time distribution of power dropout events

obtained in aLang-Kobayashimodel of a single-mode la- Since each power dropout event starts from a different
ser with delayed optical feedback. Figure 8 shows the distriinitial condition, the actual step difference at each time is
bution of steady states of a single-mode laser with feedbaclubject to fluctuations which may be both deterministic
using parameters corresponding to the experimental resultghaos and stochasti€Langevin origin. Here, we comment

of Fig. 3. Details of the derivation of the modes are describen whether a stochastic factor is required to account for the
in Appendix A. Since there are as many as several thousangean-time interval distribution of power dropout events. We
of modes for the parameter condition of Fig. 3, only a subsegjivide time length intoL subsets and definé(m,L) as the

of modes sampled at constant frequency intervals is plottefrobability density of the interval time between power drop-
in Fig. 8. White circles indicate antimodes, which are alwaysouts in themth(O<m=L) subset. Figure 9 shows histo-
unstable, and black circles indicate modes which may bgrams P(m,L) for two typical LFF waveforms:(a) Ly

stable or unstable depending on the mode. A possible corre=8o5 cm and(b) L= 75cm. Both plots are well approxi-
spondence between the distribution of compound cavitynated by a Poissonian distribution,

modes obtained from the single-mode model and the recov-

ery process of Fig. 3 according to the scenario of Redk. L!

[4] is indicated schematically by marking locations on the P(m,L)= mi(L—m)!

mode diagram with the insets of the waveforms from Fig. 3.

Inset(b) corresponds to the collapse and insgjs (d), (e),

and (f) correspond to situations of locking to modes duringwhere the value of the mean-time intentah is calculated

the recovery process. This mode transition scenario suggedss be 6.2 for(a) and 3.3 for(b), which is shown by the solid

another hypothesis, as follows. line in each figure. It is verified that the power dropout in the
(iv) The typical step difference in terms of the frequencylight output of a laser diode with external feedback can be

or the number of modes is a constant value which dependsell identified by the Poissonian process with transition

on the light intensity of the mode and the round-trip time, probability p=m.

and a property of the mode such as the mode potential, It is worthwhile to note that the distribution modeled by

which is discussed in Ref3], [14]. the Poissonian process does not necessarily mean it has a
The preceding hypothesis is consistent with the fact thastochastic origin. For instance, the flip-flop process in the

the intensity step difference gets smaller as the intensity inkorenz model, which is absolutely deterministic, was also

creases. The experimental result that the average time bewell modeled with the Poissonian procdds]. Therefore,

tween power dropout events is proportional to the feedbackumerical investigations of power dropout events for both

strength is also consistent with the scenario for recovery as moise-inclusion and noise-free models are needed to verify

sequence of transitions in this model, since the number afiow stochastic factors affect the dynamic origin of LFF’s.
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@ 03 mode Lang-Kobayashi rate equation, which showed an intui-
tive illustration about the staircase of the light intensity in the
recovery process. Comments have been made on the validity
of the single-mode model and the statistical property of
power-dropout events.

P(m, 10)

ACKNOWLEDGMENTS

The authors are grateful to Professor J. Ohtsubo, Dr. N.
Egami, and Dr. B. Komiyama for their helpful discussions
and support.

m APPENDIX A: COMPOUND CAVITY MODE
®) 03 DISTRIBUTION OF THE SINGLE-MODE LASER MODEL

To show how the stepwise increase of the light intensity is
manifested in the compound cavity mode distribution, we
numerically calculate the steady-state solutions of a laser di-
ode with external optical feedback and derive its mode dis-
tribution. The dynamics of a single-mode laser diode with
external optical feedback is written as a Lang-Kobayashi
equation like[3,4]

P(m,10)

dE(t) _ Gy _ «
0 2 4 6 8 10 dt _7(1+Ja)[N(t)_Nth]E(t)+T_inE(t—T)-f—Fe(t),
i (A1)
FIG. 9. Histograms of mean time interv@h unit of step width dN(t) N()
between power drops for two typical LFF waveform) Iy R P _GN[N(t)—No]|E(t)|2+FN(t)_
=45MA, Lex=805cm andb) 1,=45mMA, Le=75cm. dt Ts

(A2)
IV. CONCLUSION . . .
Here, E(t) = \P(t) expljlwgt+¢(t)]} is the complex electric
In summary, we have experimentally investigated the refield of the optical field,P is the light intensity,¢ is the
covery process of LFF’s in a laser diode with external opticalphase, andv, is the frequency of the solitary laser. Other
feedback using a detection system with a bandwith of 6 GHzparameters are as followsN is the carrier numben\y, is
A clear monotonic stepwise increase of the light intensitythe carrier number at the threshold is the carrier number
was observed after the power dropout. The step width correat transparency, anG,, 7,,, and  are, respectively, the
sponds to the round-trip time of the external cavity. Stepgain coefficient, the round-trip time of the internal cavity,
differences and average step number between power dropogitd the feedback strength.
events have been investigated as functions of bias injection Steady-state solutionsP(,Ng,ws,ANg=Ns—Ny,, Aws
current and feedback strength. High-frequency dynamics- o — ;) of the laser with optical feedback lie on an ellipse
within each step is dominated by relaxation oscillations an@jefined by
such dynamics becomes undamped as the injection current

increases or as the external cavity length decreases. (AweTin— a7inGNANG2)?+ (7i,GNANG2) 2= k2,

The stepwise increase of light intensity during the recov- (A3)
ery process of LFF’s has been interpreted in terms of a se-
guence of transitions among compound cavity modes. We Awgtin+ K sin(wgr+tan L a)=0. (A4)

suggest that the laser is “locked” to certain compound cav-

ity modes during the recovery process. A comparison hayVe can further substitute the light intensRy instead of the
been made between the experimental result of the recovearrier numberNg using Ps=(J—Ng/75)/Gn(Ng—Ng) in
process and the mode distribution calculated from a singleEg. (A3).
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