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Influence of amplitude-phase coupling on the dynamics of semiconductor lasers
subject to optical feedback
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We present extensive experimental investigations of the dynamics of semiconductor lasers subject to optical
feedback in dependence on the linewidth enhancement factehich accounts for the amplitude phase
coupling of the optical field. A reduction af leads to conspicuous changes of the dynamics of the system
which are characterized and classified in the phase space of feedback strength versus injection current, thus
demonstrating the importance afas the system’s main nonlinearity. In particular, we demonstrate a drastic
extension of the regime of coexistence between coherence collapsed dynamics and stable emission, and an
increased stability of this stable emission state. We show that a theoretical analysis of the Lang-Kobayashi rate
equation model provides a qualitative understanding of the physical mechanisms underlying the observed
dynamical behavior and its dependencecorfrinally, being able to control the nonlinearity of the system, we
open up new perspectives for the stabilization of semiconductor lasers subject to moderate to strong optical
feedback[S1050-294@9)06307-9

PACS numbgs): 42.65.5Sf, 42.55.Px

[. INTRODUCTION AND OVERVIEW rameters of the investigated semiconductor laser. Indeed,
tuning the emission wavelength of the laser by shifting the
Semiconductor lasers subject to optical feedback from exgain profile of the solitary laser, e.g., by temperature tuning,
ternal reflectors like the front facet of an optical fiber, aaffects the value of only very slightly. However, by tuning
mirror, or a compact disk exhibit a rich variety of dynamical the emission wavelength of the laser away from its solitary
phenomena which can degrade their performance in possibtggain maximum without changing the gain profile of the soli-
applications. Thus, a profound understanding of these dytary laser, substantial changes of the valueaotan be
namical phenomena is indispensable in order to avoid thachieved[9]: experiments showed that even a transition to
instabilities or to stabilize and control the semiconductor la-negative values ofr occurs for wavelengths much shorter
ser emission. Besides their great practical importance, semihan the solitary gain maximum wavelendfl®]. Theoretical
conductor lasers subject to optical feedback from an externatudies have already drawn attention to the influence of the
cavity are an attractive model system for the study of thdinewidth enhancement factar on the dynamical behavior
universal aspects of delay-induced instabilities: several difof semiconductor lasers with optical feedbddi,12; how-
ferent routes to chaos including the quasiperiodic r¢@ile  ever, experimental investigations of this important point are
the period doubling routg2], the lkeda scenarig3,4], and still lacking.
crisis[5], have already been identified in semiconductor laser In this paper, we concentrate on the dynamics of semicon-
with optical feedback, which again contributed to the under-ductor lasers subject to optical feedback in dependence on
standing of delay systems in general. the three most relevant parameters, the injection cudrent
The complex dynamical behavior of semiconductor laserghe optical feedback strengtp and, in particular, the line-
subject to delayed optical feedback is linked to the followingwidth enhancement factar. We control & by tuning the
two important aspects: first, the infinite number of possibleemission wavelength of the laser away from its solitary gain
degrees of freedom available for the system due to the timemaximum by using an intracavity etalon. For each of several
delayed feedback, and second, the nonlinear amplitude-phad#éferent values ofa, we recordy-I-space diagrams which
coupling of the electrical field which is particularly strong map the dynamical behavior of the system by identifying
for semiconductor lasers. This nonlinear amplitude-phaséistinct dynamical regimes. Using this method, we provide
coupling is caused by the carrier-induced variation of readetailed information about the effect of the variationaobn
and imaginary parts of the semiconductor material’s susceghe dynamics of the system over wide ranges of relevant
tibility x(n)=x,(n)+ix;(n), and is described by the line- parameters. In particular, we give experimental evidence that

width enhancement factar [6,7], the stability of the system increases with decreasing wave-
lengths, i.e., decreasing. We find that the parameter re-
_dlx/(n)]/dn gimes of the recently reported coexistence of low-frequency
a=- d[xi(n)]/dn" (1) fluctuations(LFF) and stable emission on a single external-

cavity modd 13] enlarge drastically for decreasiag For the
As one of the fundamental parameters for semiconductor ldowest value ofa, possible stable emission expands even
sers,a causes the enhancement of the laser linewjidiland  into the regime of the fully developed coherence collapse.
is of decisive importance for many dynamical processes suchurthermore, we investigate the effect of changingn the
as modulation response, frequency chirp, and, in particularglevant physical mechanisms underlying the coherence col-
optical feedback effec{8]. Up to now, bothe and the emis- lapse dynamics. Our results demonstrate that semiconductor
sion wavelength have always been considered as fixed p#asers subject to optical feedback are delay systems with a
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7 < T=33ns . sponding time series are low-pass filtered with the cutoff

. B‘:mr’?‘ frequency at 1 GHz and detected by a fast single shot digital

PN BS BS  BS gg};g'r MO MO Fiter g, 2 HEChlior oscilloscope of the same bandwidth. The time-averaged in-
4 =] fﬁﬂKﬂ—ﬁ_ tensity is measured by i-n photodiode. The optical spec-

) i trum is analyzed via a grating spectrometer with a resolution
Fast of 0.1 nm in order to resolve the longitudinal diode modes
aiicl ] and to monitor the absolute emission wavelength of the laser.
Electrical . . - .

Fabry Porol [Optical o - In addition, a confocal scanning FabryBeinterferometer

Interfero -{|Spectrum| | [Analyzer il is used to resolve the external cavity modes. The free spec-

meter ||Analyzer .
= tral range of the interferometer amounts to 2 GHz, the reso-
Ciscillo- lution to 10 MHz. An optical isolator shields the laser from
o unwanted external feedback from the detection branch.

The experiments are performed as follows. Using the
above setup, we exploit the strong spectral dependenae of

controllable nonlinearity, and, thus, become even more inter--9:1% by|t|lt|nt% thfetwtrallcawty etalorf1, we _:une F:e emis-

esting as a model system for further experimental studies ofon wavelength ot the laser away from Its solitary gan

delay phenomena in general. maximum, whlch_remalns unchanged. This aII_ows us to tai-
The paper is structured as follows. Section Il describes th r the value ofa in a well controlled way. Having selected

experimental setup and the implementation of the experi-te d?ﬁ'reg valpe ?;a we SldJUSt tthel 3pt|c§tll ﬁtedbgr%k
ments. In Sec. lll, we present our experimental results ang-engtny by using Ine variable neutral density Titer. The

identify the effects of a variation of on the dynamical value of y is determined by measuring the effective power

behavior of semiconductor lasers subject to optical feedbaclgfeﬂeCt“ll'Fy .Of the fegdbac_k brtz)anlcﬂi4]r.] Thﬁnl’ dthe mpction .
Section IV reviews some theoretical results obtained from afy!""entl IS increased starting below threshold up to its maxi-
analysis of the Lang-Kobayshi rate equation mofti4] mum possible value. We investigate the resulting dynamical

which are relevant for the discussion, and the understandingeha\”pr of the syste_m In c_iependence_loand g:lassﬁy _the
of our experimental results. Section V, finally, provides a Y”am'Cf?" behavior in distinct dyna_rmcal regimes. Finally,
short summary and presents our conclusions still keepinga constant, we repeat this procedure for several

different values ofy. Thus, for the selected value af we
obtain a map displaying the dynamical behavior of the sys-
Il. SETUP AND EXPERIMENTAL IMPLEMENTATION tem classified in several distinct dynamical regimesy#h

In the experiments, we use a bulk Fabrydtdaser diode space. Using the method described above, we record several

(Hitachi HLP1400, which is best known with respect to ex- ¥-1-space maps for different values af Comparing these
periments on delay-induced instabilities. Figure 1 shows £NaSe-space maps, we provide both detailed information and

scheme of the experimental setup. The laser diode is drivef) 9/0Pal survey about the impact of changiagn the dy-
by an ultralow noise dc-current source, its temperature stabfl@mics of semiconductor lasers subject to delayed optical
lized to better than 0.01K. The laser beam is collimated by€edback.

an anti-reflection-coated microscope objecti{dO). The

feedback branch consists of a high reflection mirror of inter- ll. EXPERIMENTAL RESULTS

ferometric flatness better thau200, and a neutral density In this section. we first discuss the measurement of the
filter to vary the optial feedback strength. The delay time Ofspectral depende,nce af Then, we present three represen-
the external cavity amounts to 3.3 ns, which corresponds e .| -space diagrams recorded for three different values
an external cavity mode spacing of 300 MHz. A key element ¢~ The diagrams map the dynamical behavior of the

of the_setup is the intracavity eFalon with a transmissionsystem by identifying different dynamical regimes, which
bandwidth of 5 nm, corresponding to approximately 2.1ynon are jllustrated and characterized. Finally, the three

THz. This spectral selectivity of the etalon is selected t0yiqrams are compared and discussed with respect to the
cause single mode operation of the semiconductor laser iR, ction ofa

the LFF regime. However, it does not suppress the corre-
sponding external cavity modes due to its large transmission
bandwidth. The etalon allows us to tune the emission wave-
length of the laser over a range of about 10 nm around the We have measured according to the method proposed
solitary gain maximum maintaining single mode operation.by Henning and Colling16]. This method is based on net
In order to account for the wide temporal and optical scalegain measurements obtained from the modulation depths in-
which play an important role in the dynamics of externaltroduced by Fabry-Ret resonances into the spontaneous
cavity semiconductor lasers, both the intensity time seriegmission spectrum of the las€t7]. The accuracy of the
and the optical spectrum are measured simultaneously opbtained values o# is limited by the precision of the wave-
several different resolution stages. The intensity dynamics ifength shift and the modulation depth measurements.
detected by a single shot streak camera with an analog band- Figure 2 depicts the plot of the spectral dependence of
width of more than 50 GHz and by a fast avalanche photoof the HLP1400 laser diode including error bars. Obviously,
diode (APD) of larger than 3 GHz bandwidth. The power « decreases continuously with decreasing wavelength. The
spectrum of the APD signal is recorded by an electrical specspectral dependence af and the absolute values fax
trum analyzer of 0.1 kHz to 21 GHz bandwidth. The corre-shown in Fig. 2 are in good agreement, both with calculated

FIG. 1. Experimental setup.

A. Spectral dependence ofr
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FIG. 2. Spectral dependence of the linewidth enhancement fac-
tor « for a HLP1400 laser diode. The gain maximum of the solitary
laser is at 840 nm.

a spectra[15] and with previously obtained experimental
results for this type of laser diod&8].

In a linear approximation around the solitary laser thresh-
old, « is given by
du/dn’
a=—2k-, (2
dg/dn’

wheredu anddg are the changes of refractive index and
gain per length, respectively, which occur when the carrier
densityn’ is varied[18]; k is the free-space wave vector.
Time-resolved gain spectroscopy experiments have shown
that the spectral dependence of the relative change of the
refractive indexdu is distinctly smaller than the change of
the gain per lengtldg [10]. Thus, the wavelength depen-
dence ofa depicted in Fig. 2 is dominated by the strong
increase of the differential gaigrdg with decreasing wave-
length.

Having determined the relation between the quantitative
values ofa and the emission wavelengths within the acces-
sible tuning range, we are now able to investigate the effect
of a reduction ofw on the dynamical behavior of the system.

B. Characterization of the occurring dynamical regimes

Figure 3 depicts threg-1-space diagrams for three differ-
ent emission wavelengths, i.e., three different valueg.of
Fig. 3@, A=841 nm corresponding t@=2.8+0.5; Fig.
3(b), A=838.2 nm corresponding ta=2.1+0.4; and Fig.
3(c), A=835.5 nm corresponding ta=1.6+0.3. Figure 3
shows that the system exhibits similar dynamical regimes for
each of the three different factors. However, the extension
of these regimes varies significantly depending conThe
dynamical behavior corresponding to the regimes is illus-
trated by Fig. 4, which depicts typical intensity time series
recorded for the respective parameters. Very close to the

T. HEIL, I. FISCHER, AND W. ELSARER

PRA 60
80 . ; . . ——
841 nm 1
75 F -
<
E ol Coherence 1
= Collapse
£
S 65 -
o
C
O 60 ‘ 7
© | Coexistenc
< 55 _Regime _ ——————1
T Ith, feedback 1
50 1 1 1 1 " 1 " 1 " 1 N 1 n
50 45 40 35 30 25 20 15
(@) Feedback Rate [ns™]
80 T T T T T T T
838.2 nm
75 | .
E Coherence
= 70 Collapse i
C
o
£ 65 .
O
S 60 .
= L - |
th, feedback
50 " 1 " 1 " 1 " 1 " 1 " 1 "
50 45 40 35 30 25 20 15
(b) Feedback Rate [ns’]
80 T T ¥ T v T ) T L T ¥
835.5 nm
75+ .
<
E ol Coherence i
e Collapse
2
S 65} ]
@)
C
O 60F x
©
&L
th, feedback
50 " 1 " 1 " 1 " 1 " 1 " 1 N
50 45 40 35 30 25 20 15

(c)

Feedback Rate [ns ]

feedback-reduced lasing threshold, the laser emits apparently riG. 3. The dynamical behavior of semiconductor lasers subject
stably on several external cavity modes. Increasing the injegy delayed optical feedback in dependence on the injection current

tion current slightly, the LFF regime is reached. Figure 4and the optical feedback strenggtor (a) 841 nm corresponding to
(top) shows a typical LFF time series characterized by sudw=2.8+0.5), (b) 838.2 nm corresponding t@=2.1(+0.4), and(c)
den intensity dropouts on a microsecond-to-nanosecond tim&5.5 nm corresponding te=1.6(+0.3).
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100l back and forth between LFF and stable emission, typically
= on a time scale of seconds; light gray represents the region in
B 8°r' which the LFF prevail, and the stable state is only reached
£ 80 ' for short times, typically milliseconds.

% sl The dynamical behavior of the system classified in param-
[ eter space by the distinct dynamical regimes described above
£ 201 is strongly dependent on the valueafin the following, we
T o0 s s s s compare the threg-I-space diagrams in order to identify the

0 200 400 600 800 1000

effects of thisa dependence.

(o)} 53
o o
{

C. a dependence of the dynamical behavior

In this subsection, we summarize the key results obtained
from a comparison of the threg-|-space diagrams depicted
in Fig. 3. We find that the following phenomena are associ-
ated with a reduction of the.

(i) Enlargement of the coexistence regiri@e regions of
0 200 400 600 800 1000 coexistence of the LFF state and the state of stable emission
on a single external-cavity mode enlarge drastically for de-
creasinga.

n
o

Intensity [arb.units]
N
o

o

N
(=}
T

z (i) Increased stability of the stable stat€he parameter
E. 40 regime of very long times of stable emission, depicted in
5, dark gray in they-1-space diagrams, expands substantially
Z for decreasingv.
& (iii) Coexistence of CC and stable emissidor the low-
= est investigated value @f=1.6+0.3, the coexistence region

% 400 800 1200 1600 2000 exceeds the LFF regime. Thus, for stronger feedback and

Time [ns] higher injection currents, we observe a coexistence of the

_ _ o _ _ ~ stable emission state with the fully developed CC. Moreover,
FIG. 4. Single-shot intensity time series low pass filtered with athe signature of the stable state remains the same while the
cutoff frequency at 1 GHz. Top: low-frequency fluctuations re- continuous transition from LFF to the fully developed CC
corded forl=58 mA and y=25 ns '. Middle: fully developed gccurs.
coherence collapse recorded for 70 mA andy=25 ns *. Bot- (jy) Properties of the LFF regimanithin the investigated
tom: coexistence of low-frequency fluctuations and stable emlssm?ange of parameters, the extension of the LFF regime does
on a S'”g'ed h'gh'ga'”f1eXte|r|“a,"Ca"'ty _mode recordgdd for 1ot change as significantly as the coexistence regime with
;_633317'5‘ and y=50 ns". All time series are recorded for yo reasing,. Also, the temporal signature of the LFF and
—oee9.4nm. the mean time interval between subsequent intensity drop-

. . . i _outs do not exhibit drastic changes.
scale, a behavior which has been vividly discussed during

recent year$19—2]]. Increasing the injection current further, IV. DISCUSSION

the time intervals between subsequent intensity dropouts

shorten; finally, the dropouts begin to merge and a continu- In order to discuss the experimental results listed above,

ous transition to the fully developed coherence colld@®  we briefly review in this section some theoretical results ob-

takes place. The CC is characterized by a very broad poweained from an analysis of the standard rate equation model

spectrum and completely irregular intensity time series, asor semiconductor lasers subject to delayed optical feedback.

depicted by Fig. 4middle). We show that these theoretical results provide a qualitative
A striking phenomenon occurring over a large parameteunderstanding of our experimental findings.

region is the recently discovered coexistence of LFF with a

stable high-power state, in which the laser emits on a single A. Theoretical results

external cavity mod¢13]. Figure 4(bottom depicts a typi- The basis of the theoretical model is the well-known

cal time series recorded within the coexistence regime. I ang-Kobayashi rate equatiofis4] for the number of carri-

this time series, a transition from LFF to stable emissiong g n(t)=N(t)— N, with respect to the solitary threshold

occurs at the time of 1000 ns. The duration of the stablge\e| N,, and the slowly varying complex electrical field
emission state in comparison with the duration of the LFFampIitudeE(t):

state strongly depends on the injection current and the feed-

back strength, i.e., the position ip-I space. In order to . 1 ) .

account for this parameter dependence, we encode the coex-  E(1)= 5 (1+ia)én(OE() +yE(t—n)e o7, (3
istence regime, as depicted in Fig. 3, by three different

shades of gray: dark gray represents the parameter region in ) Iy N(1)

which the duration of the stable emission states is longest; n=(p-1) 5~ 5~ [Totén®]PQ). (4)
time intervals of stable emission typically exceed 1 min, only !

interrupted by short time intervals of LFF emission; interme- In these equations, the optical feedback is taken into ac-
diate gray represents the region in which the system jumpsount by the feedback rateand the delay time. The elec-
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trical field is normalized so tha®(t) =|E(t)|? is the photon T a) a6
number; w, represents the optical frequency of the solitary 33000 ;°°°°ooo =10
laser,¢ the differential gain]'y the cavity decay ratel; the ] " %o,
carrier lifetime, |, the bias current at solitary laser threshold, X °oo
e the electron charge, angpl is the pump parameter. The 820001 *xe* % i
analysis of the Lang-Kobayashi equations shows that the = 1 *x, %
fixed points of the system consisting of the semiconductor 2 s1000- ***** 2 _
laser cavity and the external cavity always occur in pairs of § X
stable and unstable fixed points. The stable fixed points cor- =z ' ' '
respond to constructive interference of the coupled cavities § - - -
and are usually referred to asodes The unstable fixed S 33000] 09000, b) 0=2.8
points, which exhibit a saddle node instability, correspond to o X °°°ooo
destructive interference of the coupled cavities and, thus, are 1 ™, o,
called antimodes Each fixed point of the system is defined 32000+ *%** °°oo .
by a constant optical frequencywg§+ Aw) and a constant ***** %o,
carrier numbenmn given by the following equationg22]: FHokoese %
31000+ FHgen
Awr=ym1+a?sinf(wy+ Aw)7+arctana},  (5) 100 B0 o 50 100
] Em\2 [ 7en|2 Aart [rad]
(y7)"= Awr—aT) o ©®) FIG. 5. Fixed points of the Lang-Kobayashi equations calcu-

lated fory=10 ns ! and =3 ns.(a) a=2.8, (b) a=1.6.

According to Egqs(5) and (6), modes and antimodes lie on

an ellipse around the solitary laser mode in thew(n) However, within the parameter ranges corresponding to
space [23], which is physically caused by the strong the coexistence regime shown in Fig. 3, a crisis does not
amplitude-phase coupling in the semiconductor laser denave to occur necessarily. Within these coexistence regimes,
scribed by the nonvanishing. _ . the trajectory has a finite probability to reach one of the

A linear stability analysis of the fixed points of the system gi3ple HGMSs before a crisis can take plata]. The trajec-

shows that the previously stable modes destabilize for infory can stay on one of the stable HGMs for very long times
creasing optical feedback via Hopf bifurcations. However, al nil  external perturbations or, right above threshold,

i/eeiStIg\?v?frz]ol?sﬁcthiiscr)]-caa:ilr?dsig]:)gfnmzegllﬁlgem(;?vsé Osnrg_] pontaneous-emission noise, eject the trajectory away from
y q y high-g PSe, Y the stable HGMs. Then the LFF restart, and a varying num-

mains stabld24]. Furthermore, all modes in the vicinity of . .
the maximum gain mode which satisfy ber of dropquts occurs until one of the stable HGMs is
reached again.

In the following, we review theoretical results which de-
scribe the impact of a variation af on the dynamical be-
havior described above.

—arctanil/a)<(wg+Aw) <0 (7)

also remain stablg24]. Thus, according to Eq7), the num-
ber of stable high-gain modé€slGM) increases for decreas-
ing a. 2. Influence of &

This structure of the fixed-point solutions of the Lang-
Kobayashi equations in frequency-inversion space, and their The effect of a reduction ofx on the structure of the
stability properties, lead to the following interpretation of the solutions of the Lang-Kobayashi equations is illustrated by

dynamical phenomena observed for constant Fig. 5; it depicts two sets of fixed points calculated from Egs.
_ (5) and(6) for different values otx under otherwise identical
1. LFF and coexistence conditions. In both cases, the fixed points are located on an

The LFF can be understood as an itinerancy of the trajecellipse in frequency-inversion space. However, the eccentric-
tory of the system among the attractor ruins of the destabiity of the ellipse reduces with decreasiag for «=0, the
lized modes towards the stable HGRP]. Consequently, the fixed points are located on a circle around the solitary diode
emitted power, which is organized in picosecond pu[s¢s mode. Consequently, the distance between modes and anti-
increases during this itinerancy. Due to the elliptic shape ofnodes in frequency-inversion space increases for decreasing
the position of the fixed points, the basin boundaries of thex. Furthermore, the total number of fixed points decreases,
attractor ruins of stable and unstable fixed points approach d®wever according to Eq7), the number of thetablefixed
the trajectory itinerates towards high gain. So, even a collipoints (the HGMg increases. Thus, the trajectory does not
sion of these attractor ruins can occur, a process which ikave to itinerate along the whole ellipse in order to reach one
referred to as crisis. The characteristic power dropouts of thef the stable HGM. Finally, as demonstrated by numerical
LFF are, thus, associated with such a crisis bouncing theimulationg12], the size of the local attractor of each single
trajectory away from its drift towards the stable HGMs. destabilized mode decreases for smaller values. of
Then, the trajectory is reinjected into the lower gain part of To sum up, the increased distance between the attractor
the ellipse and the process restarts. ruins of stable and unstable fixed points, the reduced size of
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the local attractors, and the shortened itinerancy towards 60 T T . r
high gain reduce substantially the probability for the occur- 50 a) i
rence of a crisis, but increase the probability that the trajec- - 1
tory reaches one of the stable HGMs. aor
30
B. Comparision between experimental and theoretical results 20
& |
The effects of a reduction of on the structure of the E 10
solutions of the Lang-Kobayashi equations reviewed in the _g 0 - L
preceding subsection provide the following physical inter- L 0 1000 2000 3000 4000 5000
pretation of our experimental findings. = 80 T T . r
:'(%’
1. Enlargement of the coexistence regime g 60
c

The most striking feature of the presented experimental
results is the drastic enlargement of the regions of coexist-
ence of LFF and stable emission with decreasingThis
phenomenon can be understood as follows. The probability
for the occurrence of a crisis is reduced for decreasitiyie
to the less pronounced eccentricity of the ellipse of fixed PRy Sy
points, the reduced size of the local attractors of the destabi-
lized modes, and the larger number of stable HGMs. Thus,
for constant parameters_ .excem th? _Shortened . 't'ne,rancy FIG. 6. Streak camera single-shot measurements of the intensity
and the reduced probability of a crisis substantially increasg,q series(a) Low-frequency fluctuations regiméy) fully devel-

the chance that the trajectory reaches one of the stabigeq coherence collapse regime. The parameters correspond to the
HGMs. Consequently, the coexistence regions extengin  time series depicted in Fig. dop, middle.

space for decreasing.

'S
o

n
o

Time [ps]

This gives evidence that the stabilizing effects of a reduction

of a can compensate for the destablizing effect of an in-
As for all delay systems, a detailed linear stability analy-creased injection current. Yet a sufficiently low valueadi

sis for semiconductor lasers subject to optical feedback iﬁequired_ If o is too large, stable emission does not occur

very difficult. Up to now, a linear stability analysis has only ithin the CC regime although at least one stable mode

been performed for the maximum gain mddd]. Detailed  ghoy|d exist even under these conditi¢@s.

theoretical information about the stability properties of the \ye note that fore=1.6(=0.3), the signature of the stable

o]t(hﬁr HGMs, which are pa}lrltl;:ullil_rly |r|2porta2t n Lhehcontext state remains unchanged while the coexisting state undergoes
of the present paper, is still lacking. Even though the operag qniinous transition from LFF to the fully developed CC.
tion of semiconductor lasers on the stable HGMs has bee

observed in recent experiments for strong to moderate opti{-he have investigated this transition by single-shot streak

cal feedbacK13] and for weak optical feedbadik6], the camera measurements. both for I.‘FF anq cc condition;. Fig—
stability of the HGMs has not yet been investigateél experi-ures Ga) an(_d &b) show |ntenS|ty_ time series _recorded within .
mentally. In our experiments, we address these stabilit he LFF regime and the CC regime, respectively. Th? experi-
properties of the HGMs for moderate to strong optical feed-. ental c_:ondltlons .corr_espond to those of the OSC'HOS.COPe
back and their dependence anWe find that the time inter- time series shown in Fig. @op, middlg. U_nc_jer both cor_1d|-
vals of stable emission on one of the stable HGMs Iengtheﬁ'ons.’ the system Sh.OWS the characteristic fast .puls_lng dy-
substantially with decreasing; the stability of the stable namics. The pulse width as well as the average t|me interval
emission state increases. Phenomenologically, this indicat tween the_pulses decrease for Increasing injection current.
that the activation energh27] necessary to kick the trajec- N mo_dulat|on depth of the pulses is s_IlghtIy reduced in the
CC regime. However, pronounced qualitative changes of the

tory off the stable HGMs increases for decreasimgWe d ical behavior of th ¢ ) 1 |
point out that these interesting properties provide a new conzynamical beéhavior of the system on a picosecond ime scale

N e 0 not occur.
cept for the realization of a stable laser emission mode eveﬂ .
for moderate to strong optical feedback. By reducingve The apparent differences between LFF and CC on slower

. . ; o time scales shown in Fig. 4 are caused by the followin
directly control the nonlinearity and, thus, the stability pmp_(-ﬁffects First, increasing ?he injection curren): decreases tge

erties of the system in order to achieve stable laser emission_~~. o
time intervals between the dropouts. Second, the probability
on one of the HGMs. S o A
of a crisis increases with increasing injection current. Thus,
within the CC regime, a crisis can also occur on attractor
ruins far away from maximum gain. Consequently, for suf-
The scope of the presented experimental results also irficiently high injection currents, the drift of the trajectory
cludes new aspects for the fundamental structure of the fullyowards high gain is usually interrupted much earlier, so that
developed CC. For the lowest value at=1.6(=0.3), we  distinct dropouts cannot be identified any more. However,
observe coexistence of stable emission on a single high-gatihe fundamental mechanisms underlying to LFF and fully

external-cavity mode with fully developed CC dynamics. developed CC appear to be the same.

2. Increased stability of the stable state

3. Coexistence of CC and stable emission
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4. Properties of the LFF regime on «: a reduction ofa reduces the probability for the occur-

The feedback induced instabilities causing the LFF ard®Nc€ of a crisis, and shortens the itinerancy of the trajectory
known to disappear below a critical value @ftypically for ~ towards one of the stable HGMs. Consequently, the param-
a<1[11]. In our experiments, as can be seen from the drasSter region of coexistence of LFF with stable emission en-

tic extension of the coexistence region and the very lond2'9€s, and the stability of the stable HGMs increases.

duration of the stable emission states, we came close to thjs FOT the lowest value ok, we have observed even coex-
critical value, but could not finally reach it. Our experiments!Sténce of fully developed CC with stable emission. Streak

show that the instablility causing the LFF has not yet disap_camera single shot measurements demonstrate similar fast

peared. pulsing dynamics of the laser operating in both the LFF re-
The slight shift of the feedback-reduced threshold and th@ime and the CC regime. The signature of the coexisting
LFF regime iny-I space is due to the shift of the lasing stable state remains unchanged. These results indicate that

wavelength along the gain curve away from the gain maxithe dynamical mechanism underlying LFF and CC is essen-

mum. The gain of the laser decreases with decreasing wavdaly thedsameh_ detailed und di f the d ical
length, which results in an increase of the lasing thresholg Based on this detailed understanding of the dynamica

for a given amount of optical feedback. A more detailed ehavior of semiconductor lasers subject to delayed optical

investigation of the dependence of the average time interval€edPack, future research may concentrate on the following
between two subsequent LFF intensity dropoutsaois a two points. First, the experlme_ntal re_sults_presented in this
subject of future studies. In this context, we point out that thé®@Per demonstrate that the main nonlinearity of external cav-
apparently stable emission between the intensity dropouts ity semiconductor lasers can be tailored for a single laser in a

the LFF state must not be confused with the stable emissiof€!! controlled way without changing other experimental
on a single external-cavity mode which coexists with theconditions. This variable nonlinearity of the system in com-

LFF behavior for parameters corresponding to the coexistPination with recent theoretical advances in the analysis and
ence regime. identification of delay systeni28,29 makes semiconductor

laser subject to delayed optical feedback an even more at-
tractive model system for further experimental investigations
of fundamental phenomena of nonlinear dynamics. Second,
In conclusion, we have investigated the dynamical behavour experiments have demonstrated that semiconductor la-
ior of semiconductor lasers subject to delayed optical feedsers showing feedback-induced instabilities can be stabilized
back in dependence om accounting for the nonlinear by a sufficient reduction ok by appropriately shifting the
amplitude-phase coupling of the optical field present in semiemission wavelength of the laser away from its solitary gain
conductor lasers. We have controlledoy tuning the emis- maximum towards shorter wavelengths,can be reduced
sion wavelength of the laser away from its solitary gainbelow the critical value, so that the instabilities disappear.
maximum using an intracavity etalon. We find that the valueThis new concept stabilizes the laser emission by directly
of a decreases continously with decreasing wavelengthgsontrolling the nonlinearity and, consequently, the stability
which is mainly due to the strong increase of the differentialproperties of the system. In general, semiconductor lasers
gain. with a sufficiently lowa would be most interesting for prac-
By recording detailedy-1-space diagrams for several dif- tical applications due to the possibility of chirpless operation,
ferent values ofxr, we have identified and characterized theand the insensitivity to delayed optical feedback. The design
parameter ranges of the occurring dynamical regimes. In paef such lasers requires a strong spectral dependence of the
ticular, we have demonstrated a very sensitive dependence @ffferential gain. Furthermore, for vanishing, the maxi-
the dynamical behavior of the system anthe regime of ~mum of the differential gain should be within the gain profile
coexistence of LFF and stable emission on a single high-gaiff the laser in order to allow a sufficiently large detuning of
external-cavity mode enlarges drastically with decreasing the emission wavelength. This seems to be possible in
Furthermore, the time intervals of stable emission prolongnodulation-doped, strained quantum-well DFB lagé( in
substantially. Thus, the stability of the stable emission statavhich the Bragg mirrors are appropriately detuned relative to

V. CONCLUSIONS AND OUTLOOK

increases with decreasing the gain profile of the semiconductor material.
According to an analysis of the Lang-Kobayashi rate
equation model, the relevant mechanism underlying the ob- ACKNOWLEDGMENTS
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