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Contrasting conventional optical and phase-conjugate feedback in laser diodes
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An experimental comparison of phase conjugate feedback to conventional optical feedback in a semicon-
ductor laser is presented, which contrasts the optical frequency spectra and power noise spectra with varying
levels of feedback. These spectra are correlated with the single frequency regimes Ill and V and the chaotically
unstable regime IV. Conventional feedback is derived from a mirror and variable neutral density filter, and the
phase conjugate feedback is derived from a self-pumped rhodium doped barium titanate photorefractive crys-
tal. Both systems show two stable, single frequency operation regions analogous to regime Ill and V operation
separated by a single region of unstable operation analogous to regime IV. It is found that phase conjugate
feedback leads to distinctive behaviors including: differences in the relative intensity noise spectra; dynami-
cally varying output frequency spectra close to the transition from regime IV to V; systematic power transfer
from one laser diode longitudinal mode to a nearest neighbor through regime 1V; and a very much larger range
of feedback levels leading to unstable output. The level of optical feedback leading to a transition from regime
Il to IV is the same for conventional optical feedback and phase conjugate feedback when the correction for
the different coupling efficiencies is made. The transition from regime IV to V occurs for much higher levels
of feedback when PCF is used leading to the larger range of feedback levels giving chaotic behavior with PCF.
The results are discussed in the context of existing theoretical models of laser diodes with phase conjugate
feedback.
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[. INTRODUCTION indicative of coherence collap§#b], to force predominantly
multi-mode lasers to operate single-mddss] or with in-
Over the last twenty years, many aspects of the behaviarreased side mode suppressidY], to narrow the lasing
of semiconductor diode lasers subject to conventional opticdlnewidth [16,18,19 (below that possible with COIF20]),
feedback(COP have been investigated; both theoreticallyand to provide frequency stabilizatidi8,21 and mode-
and experimentally. Such feedback has been found to indudecking [22]. These effects have been observed at a number
a variety of effects on the laser diode’s operating characteref different feedback levels, dictated by the phase conjugate
istics, such as a narrowing or broadening of the lasing lineefficiency. The use of PCF has also been shown to provide
width, a reduction in threshold gain, and a variety of stablebetter mode coupling for broad area diodes or laser diode
and unstable dynamic statgs—3]. Also, diode lasers with arrays[24,25. Such work is concerned with the spatial at-
phase conjugate feedba¢RCH have been experimentally tributes of phase conjugation.
and theoretically examingd—23]. Early work concentrated Diode lasers with COF operate in one of a number of
on obtaining narrow-linewidth, single-frequency operationdistinct regimes of behavior dependent on the level of the
using PCH16] and identified self-frequency scanning as afeedbacK3]. The regimes relevant to the study here are llI,
feature of laser diodes with PCF derived using a ring or catV, and V. At the lower levels of feedbadkegime Ill) the
PCM (phase conjugate mirrgrin common with other laser diode laser operates in a stable single longitudinal ntioe
systems using these PCNI23]. Subsequent work has con- narrowest linewidth modewith constant power. As the level
tinued these themes and also shown that the nonlinear systesfi optical feedback is increased, the laser diode system un-
of a laser diode with PCF induces distinct dynamiitsi—  dergoes a transition to a chaotic state, known as coherence
14]. Phase conjugate feedback is found to influence the ineollapse(or regime IV}, which is characterized by a dramati-
tensity and frequency noise and may significantly reduceally broadened noise spectrum and an optical spectrum
both compared to the case of COF in certain operating rewhich is multi-mode. The spectrum is multi-mode both on
gimes[10,11. The frequency spacing of the external cavity the frequency scale of the longitudinal mode spacing of the
resonator modes is predicted to be half that of the COF cadaser diode and a frequency close to the external cavity mode
[4,14] if the conjugation is achieved by nondegenerate fourfrequency. The route to this unstable, chaotic output state
wave-mixing. involves a series of bifurcations driven by oscillations de-
Phase conjugate feedback in single-mode narrow-stripgved from one of several possible sources, such as un-
diode lasers has been found to induce a multi-mode statgamped relaxation oscillations of the diode laser, oscillations
at the external cavity frequency, low frequency fluctuations,
or noise[26—29. Still further increase in the optical feed-
*Electronic address: jl@ics.mg.edu.au back level results in a transition to another single-mode,
TAuthor to whom correspondence should be addressed. FAX: 61strong feedback regim@egime \), when a diode laser with
2-9850-8115. Electronic address: debkane@physics.mqg.edu.au a low reflectance or anti-reflectance coated facet facing the
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external mirror is usefR]. This regime is not expected when whereR; is the laser diode facet reflectivity;, is the laser
uncoated laser diodes are used. diode internal round trip timeR,,; is the external feedback

A number of theoretical studies on diode lasers with PCHraction (from the phase conjugate or ordinary mijtcand
have shown that the spatial and temporal phase reversal ir;,C is the coupling efficiencyless than or equal to)lbe-
duced by the PCM incites dynamic instabilities that are muchween the external feedback field and the diode lasbich
richer than for COR1,4—11. These models describe weak nas a lower value for COF than for PCFhe introduction
to moderate levels of feedback onlgne round trip of the  uf feedback has coupled the phase to both the photon number
external cavity is included The dynamical behavior is typi- anq carrier density, leading to the possibility of chaotic dy-
cally explored via bifurcation diagrams and noise spectra,, i-o

obtained from solutions of the Lang—Kobayashi rate equa- Period doubling, quasi-periodic, intermittency, and

tions modified for PCF, for a range of phase conjugate re'symmetry—lifting routes to chaos have all been observed in

flectivity and different cavity lengths. Poincare maps and at- coretical simulations using the rate equations for PCE
tractors of the Poincare map have also been determined 9 4 . L
ese routes, and the feedback levels at which transitions

give additional insight into the dynamid®]. The general .
form of the rate equations, which define the photon numbepetween stable and unstable/chaotic states occur, are found
’ to be dependent on a number of system parameters. The

P(t) and phasep(t) of the electric field, and the average e X
carrier density within the active regidd(t), are majority of these models assume an instantaneously respond-
’ ing PCM with zero interaction depth. In this case, the system

dP(t) 1 is stable for very low levels of PCF; and once it makes a
dr ( G(N)— —P()+ 2k P(OP(t—7) transition to unstable output it remains unstable for all levels
P of PCF and the nature of the instability changes with feed-
X €oS¢h(t) + Rspt+ Fp(t), (D back.
The assumption that the PCM responds instantaneously to
de(t) :Aw—z(G(N)—i)-FK /P(t_Tp) the incident light fields may be valid for certain types of
dt 2 T P(t) PCM, such as fast Kerr media or semiconductor PCMs
. which have a response time of the order of the carrier life-
Xsing(t)+F 4(1), @) time. Photorefractive ferroelectri¢such as BaTig) and sil-
dN(t) N(t) lenites have a slow response to incident radiation due to low
—=J- —G(N)P(t)+Fy(t), (3  carrier mobility, and the PCM response time is slower than
dt s the round trip time. Thuk becomes time dependent, and a
with fourth equation must be added to Eq%)—(3), which de-
scribes the PCM dynamics. Two predictions of the effect of
d(1)=wr+ ¢(t)— p(t—17), for COF, (4) finite response time have been made, both for nondegenerate
four wave mixing(NDFWM). Van der Graafet al. predict
and that the finite response time tends to stabilize a laser with
PCF. The low feedback stability edge is shifted upwards and
d(1)= dpcrt p(t) + P(t—17), for PCF. (5)  the system becomes stable again at higher levels of

feedback—a regime I#I1V >V sequence is shown with in-
creasing PCH13]. Bochove has predicted that a finite re-
sponse time diminishes stability at higher feedback levels
[14]. The predictions of Ref[13] are consistent with the
results of the experiments using finite response time degen-
. ! _ - ) erate four wave mixing reported here. Second, the interaction
tion current densityr is the carrier lifetimerris the external length of the PCM is generally considered to be zero in the-
cavity round trip time:pcis the constant phase shift due to o atica) treatments. This is a measure of the time taken for
the PCM:w |s_the s_ohtary diode frequency: "’mw(t) the incident beams to penetrate inside the PCM in order to
are the_ Langevin noise forces. There |sareqU|re_ment thgtt nerate the phase conjugate signal. Thus it may rely on
dynamic change in the complex wave number is small i.e.;3ct0rs such as the PCM size and geometry. The effect of
Akl<1, with | the solitary diode length, for the Lang— fnite interaction depth has been predicted to suppress cha-
Kobayashi rate equations to be valid. This condition is vio-qyi- output and remove much of the external cavity spacing
lated at high feedback levels. _Thg Langevin noise terms a”ﬂependence of the dynamics for PCF derived from NDFWM
the effects of spontaneous emission are commonly ignored {4 9 The smallest interaction length simulated was at least a

separate the detgrministic_: effects fro_m the stochastic. Alsqactor of 5 longer than would be appropriate for the experi-
the effect of nonlinear gain suppression is commonly omit-an¢ reported here.

G(N) is the gain;r, is the photon lifetimeRg, is the spon-
taneous emission rate:is the linewidth enhancement factor:
Aw is the detuning of the pump frequency from the free
running laser diode frequendit is zero for degenerate PCF
using a self-pumped phase conjugate mijtrdris the injec-

ted. The coupling coefficienk, for the case of weak feed-  None of the theoretical treatments to date is strictly appli-
back, is given by cable to the region of strong PCF studied in the experiments.
1-R = A number of methods have been used to examine the behav-
K= 1T e"" (6) ior of diode lasers coupled to strong COF. These are gener-

Tin Ry ally derived from a traveling wave description of the system,
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and include iterativg30] and composite-cavity approaches output 2
[31,32. This method has yet to be applied to strong feedback A
in PCF systems.

In the study presented here, a comprehensive systematic Glan Taylor
experimental comparison of the same laser diode with both beam splitter Prism ¢
conventional optical feedback and PCF is presented. In par- I" /
ticular, the evolution of the intensity noise spectrum, the op- H— K1
tical frequency spectrum, and the output power versus time, LA U 4 >
with increasing feedback level, are observed. The level of diode GRIN
feedback is extended well into regime (Very strong feed- laser  lens . BaTiO3
back for both cases. From the spectral observations, infer- variable
ences can be made about the system’s high frequency dy- attenuator
namics. Also, critical feedback levels that result in

v output |

transitions between stable and unstable regimes are com-

pared for the t\l\_/O qases, for a number of different cavity FIG. 1. Experimental setup for PCF. For COF the barium titan-
lengths. The main difference between the two systeb@F ate crystal is replaced by a plane mirror. Output 1 is measured with

and PCl is found to occur at the V-V transition. Itis 5 power meter, Fabry—Perot interferometer and a noise spectrum
found that a state characterized by an intensity noise SPeGnalyzer.

trum consisting of large broad peaks at the external cavity

mode spacing and an optical spectrum consisting of the eX;n glignment. It is of the order of 200-300 s when close to
citation of adjacent laser diode Iongitudipal modes is Ob'optimum alignment. The Glan—Taylor prism is used to en-
served for PCF but not for COF. Power is transferred sysgyre horizontal polarizatiofi.e., in the same plane as tie
tematically from one mode to the other as the PCF level isyyis of the Rh:BaTiQ crysta). For both COF and PCF an
increased. Also, close to the IV-V transition boundary PCFracavity beam splitter is used to pick off some of the intra-
leads to a temporal evolution _of_ the optical frequency SPeCeavity power to allow monitoring of the system output and
trum through a number of distinct states. Low frequencyphase conjugate efficiency. A variable attenuator is used to
fluctuations are observed for low injection currents for bothcgntrol the amount of feedback. The output is monitored
COF and PCF. A very much larger range of feedback levelgyiin a power meter, a 10 and 1000 GHz FSR Fabry—Perot
gives chaotic output when using PCF. The level of 0ptica'interferometer, and a fast photodio@®GH2) connected to a
feedback leading to a transition from regime Il to IV is the 54io frequency spectrum analyzer or fast oscilloscope.
same for conventional optical feedback and phase conjugate The feedback fractiorRe,, is defined as the ratio of the
feedback when the correction for the higher coupling effi-gmjtted power from the front facet of the diode to the re-
ciency of PCF compared to COF is made. It is the transitionjected power entering the collimating optic; i.e., the ratio of
from regime IV to V that occurs at much higher levels of e average power at output 2 to the average power at output
feedback when PCF is used that leads to a larger range @f The feedback fraction, measured by this method, does not
fe_edba(_:k levels giving chaotic behavior. The relative inteny,cjude the coupling efficiencyy., which accounts for the
sity noise spectra for the two types of feedback are alsgysses through the collimating optic, reflection off the diode
qualitatively different. Some of the observed characteristicg,ont facet, and any mode mismatch between the feedback
are consistent with the current theoretical understanding, a/yht and the waveguide mode. This efficiency has been es-
is discussed later. timated, from fits to the slope efficiency, threshold and out-
put power for different external reflectivities, to be 0.28 for
COF and 0.7 for PCH33]. To ensure the fidelity of the
phase conjugate reflection image restoration experiments,
The experimental arrangement is shown in Fig. 1. Thesimilar to those in Ref{34] have been performed.
solitary diode laser used is a quantum-well, index-guided,
hi/lo reflection coated, 850 nm, 50 mW devi&TC # LT50-
03U); which is mounted on a heat sink and temperature con-
troller. This type of diode laser is predominantly single-mode The evolution of the output intensity noise spectrum as a
(with a side mode suppression of typically 20)dBrough a  function of increasing feedback is shown for COF in Fig. 2
large range of injection currents. The output is collimatedand PCF in Fig. 3, for two different cavity lengths in each
(with a Melles GriotGRIN rod leng and feedback is gener- case. In both Figs. 2 and 3, the lowest feedback level shown
ated at a distance of 50—-1000 mm. Conventional opticalspectra & corresponds to the system operating in a stable
feedback is produced by a plane mirror of 95% reflectivity.single-mode(regime Ill), with low intensity noise over all
Phase conjugate feedback is obtained from an internal refleérequencies. For the case of CQFig. 2), if the feedback
tion geometry self-pumped rhodium-dopgd300 ppm  level is increased, the noise spectrum undergoes a transition
BaTiO; crystal (5.6 mnx 6.2 mmx 8.2 mm). The maximum into a state(b) where the external cavity mode frequencies
phase conjugate reflectance achieved is 50%, which is wellave been excited. These are spaced by 500 and 330 MHz;
within the strong feedback regime. The time taken for therepresenting external cavity lengths of 3@0) and 450 mm
phase conjugate mirror to become established is dependef# ii), respectively. Some previous experimental and theoret-

Il. EXPERIMENT

IIl. RESULTS AND DISCUSSION
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FIG. 2. Intensity noise spectra for increasing COF level. The FIG. 3. Intensity noise spectra for increasing PCF level. The

fext((ejrbnalkc?wt);_ Ieng;?oﬁ ?;OOh rr;rrne 'g)l?_)g/d 405(2)0$m (;ng('))o/ Tge750/external cavity length is 300 mm ii) and 450 mm in(ii). The
eedback Tractions . =970y M eI VOUVD, U 19 Mreedback fractions from a—h are 0.04%, 0.06%, 0.15%, 0.5%, 1.0%,

1.0%, 1'.5%’ 2.5%, and 5.0%, respectively. The diodg Iasgr injectio%o%, 10%, and 25%, respectively. The diode laser injection current
current is 55 mA (1.Ty,). All spectra are plotted on identical ver- is 55 mA (L.7,). All spectra are plotted on identical vertical

tical scales that are shifted vertically for clarity. scales that are shifted vertically for clarity

ical investigationg10,26—29 have shown that the initial bi- frequencies; the smaller peaks represent harmonic and en-
furcation from steady state behavior is to a periodic state ofangled frequencies of the external cavity modes, the diode
oscillation at the relaxation oscillation frequency. This statelaser longitudinal modes and the relaxation oscillation fre-
would manifest itself as a peak in the optical frequency specguency. It is unclear at which exact feedback fraction the
trum at the relaxation oscillation frequency. Such a peak isystem is operating chaotically, although the noise spectra
not observed, indicating either that the relaxation oscillatiorthat appear in f and g are characteristic of chaotic output as
remains highly damped or that the period one behavior octheoretically predicted7,9,27. The output power versus
curs over a finer range of feedback fractions than is resolviime for these feedback levels shows some transient period-
able in the experiments. The observed initial excitation of thecity at the external cavity mode spacing that decays into a
external cavity mode frequencies represents an output poweery noisy signal with no resolvable repetition. Further in-
with a periodicity at the inverse of the external cavity fre- vestigation of such time series is required to ascertain if cha-
quency(2 n9. Observation of the output power versus time otic behavior is being observed.
(with a 2 GHz oscilloscopeindicates that this initial state is When the plane mirror is replaced with a PCM the noise
not a stable periodic orbit, but is a periodic oscillatiovith ~ spectrum evolves somewhat differently. This is shown in
components at both the relaxation oscillation frequency anérig. 3 for the same two cavity lengths. It can be seen that the
the external cavity frequentythat decays transiently into resonant noise frequencies occur at the same excited mode
noise. Further investigation into such behavior will be pub-frequenciegc/2L) as for COF for both cavity lengths; this is
lished elsewhere. found to be the case for all other cavity lengths examined
As the feedback is further increased, the noise peaks &0-1000 mm The evolution of the noise spectruffor
the external cavity mode spacing broaden and decrease PICPH is also common to all cavity lengths. The initial exci-
magnitude, and a number of smaller peaks of irregular spaaation of the external cavity modes that occurs at the first
ing are observable. These spectra imply that the outputansition into the coherence collapse regifspectrum I
power versus time has an increased number of characteristiom the low feedback regime, is similar to that for COF.
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T T T T T (@) is for a low feedback level that corresponds to stable
(i) single-mode behavioregime lIlI), with side mode suppres-
L . sion(not resolvable at the given scalef greater than 30 dB.
Increasing the feedback results in an abrupt transition to a
multi-mode stateb), which corresponds to an excitation of
- the external cavity modes, as shown in Fig. 2. Further in-
crease in feedback results in an increase in the number and
magnitude of the laser diode longitudinal modesf), until
at a feedback level of 5% there is an abrupt transition to
stable single-mode regime V operati@m). At low feedback
levels the optical spectrum evolves similarly for the case of
PCF[Fig. 4(ii) b—d]. However, at feedback levels above ap-
proximately 5%(e, f) a new state is observed. This state
(i) comprises lasing on two adjacent longitudinal modes of the
laser diode, and corresponds to the noise spectra which com-
prises broad peaks at the external cavity mode spdéiitg
i ] 3 f and 3 ¢. Such a spectrum may represent either the sys-
=17, 9 | tem lasing simultaneously on tw@djacent modes or rapid
L} ef - mode hopping between the two, similar to the regime I
mode hopping state observed at very low feedback levels for
- COF. Although the presence of significant noise at low fre-
] quencies indicates that the system might be mode hopping,
i.e., as due to mode partition noise, it has been experimen-
tally determined that mode hopping does not occur at fre-
quencies slower than 15 MHz. Power is systematically trans-
) _ ) ferred from one of these modes to the other as the PCF is
FIG. 4. Optical frequency spectra for increasing feedback leveljncreased.
COF is shown in(i) with feedback fractions frona—g of 0.15%, ¢ {he optical frequency is examined at a higher resolution,
0.20%, 0.70%, 1.0%, 1.5%, 2.5%, and 5.0% respectively. PCF i$hat of the external cavity mode&SR 10 GHy, further

shown in(ii) with feedback fractions from a—g of 0.04%, 0.06%, . . : .
0.5%, 1.0%, 5.0%, 10%, and 25%, respectively. The diode Iase\?vliffﬁ rfir;((:jebz Ca:(re o?,\k,fffrgfdc'ogggégf;ig?gssﬁgs\,se;osl?;ﬁz
injection current is 55 mA (1.F,). All spectra are plotted on iden- P -9

tical vertical scales that are shifted vertically and horizontally forsmgle_.mOddreglme Iy fpllowed by .a transition 'ntc.) a .State
clarity of excited external cavity modes ifb) and (c). With in-

creased feedback, the output evolves into a broadband multi-

However, the external cavity mode resonances do not reaohode spectrum indicative of chaos {d) and (e), before
the same magnitude and are much broader. There are twawitching back to stable single-mode behavi@gime \) in
possible reasons for this difference. First, it may be that théf). Figure Rii) shows the similar evolution for PCF, al-
PCF system bifurcates into higher-order dynamics mordghough the broadband chaotic spedife) and (d)] develop
quickly than the COF system and the initial bifurcations oc-more rapidly and appear to have fewer features spaced by the
cur on a finer resolution of feedback level than experimenexternal cavity frequency spacing than for comparable COF.
tally observable. Second, it may be that total internal reflecin this sense the dynamics for PCF are simpler than those for
tion geometry PCM introduces an uncertainty in the externaCOF. However, there is also a small region of feedback frac-
cavity length, due to the dynamically forming grating within tions close to the IV-V transition [Fig. 5(ii) (e)] which
the crystal relying on beam fanning effects. This may cause ahow a temporal evolution of the output state with fixed
loss of constraint on the systems lasing frequency. Unlike théeedback fraction. This is shown in more detail in Fig. 6. The
simple transition from broadband chaos into single-mode besutput is observed to switch through a number of distinct
havior, which is observed for COF, the transition into regimestates over the time interval of 0.5-1 s. It generally starts in
V (h) is preceded by a significant increase in the noisea chaotic multi-mode stat@), then switches to a state with
around the external cavity mode frequencies-g; though  excited external cavity modé$) which increase in number
there is still a large number of closely spaced smaller peak&, d) before a transition to a state of lasing on the funda-
at these feedback levels. This indicates that thesWtran-  mental mode with a series of side-modes f) spaced by
sition for PCF may involve a series of bifurcations from approximately 2—3 GHz. The separation between the central
chaos into stability, through some other higher-order dy-peak and the side-modes is found to increase linearly with
namic states. the square root of the current above threshold. This indicates

Further difference between the two types of feedback arghat this state is an excitation of the laser diode relaxation
shown in the optical frequency spectrum. At an FSR of 100®scillation frequency, similar to that observed in collinear
GHz the longitudinal modes of the laser diode spaced by 9@ondegenerate-four-wave-mixirl@5] or injection locking
GHz are observable. Figurdifshows the optical frequency [36] in semiconductor diode lasers. This evolution of the
spectra for COF with increasing feedback levels. Spectrunoutput state with time is due to the self-induced frequency

Intensity (arb. units)

0.0 1.0 2.0
Optical Frequency (THz)
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0 4 8 12 16 0 4 8 12 16
Optical Frequency (GHz) FIG. 6. Optical frequency spectra for PCF at a fixed feedback

. . . level of 22%. The output evolves over time through the sequence of
FIG. 5. Optical frequency spectra for increasing feedback level. 0 P 9 q

. PR . distinct stat h . The diode | injecti t is 55 mA
COF is shown in(i) with feedback fractions from a—f of 0.15%, ISINCt stales shown © dioge aser injection current 1S m

0.20%, 0.70%, 1.5%, 2.5%, and 5.0%, respectively. PCF is show 1é7_'l~7trt11i)f.t eﬁ"\lseft?g;i, ?gf gﬁ?d on identical vertical scales which
in (ii) with feedback fraction of 0.04%, 0.06%, 0.5%, 5.0%, 22%, '

and 25%, respectively. The external cavity length is 300 mm. The . . ) . .
diode laser injection current is 55 mA (1.). All spectra are plane mirror is replaced by the Rh:BaB®CM, the transi-

plotted on identical vertical scales that are shifted vertically fortion poinFs remain gpproximately constant OYef the full range
clarity. of experimentally investigated external cavity lengtb®—

1000 mm. The Illl—IV transition is found to occur at a
feedback fraction of approximately 0.05% and the—+V
nsition occurs at approximately 20%, regardless of cavity
ngth. It is found that the role of the PCM response time is
important for this because heating the crystal, which de-

Ereases the response ti has been found to lower the
the multimode dynamics have not been observed. The range P o),

of different states occur because the feedback is now detuned . . . . T . y
from the diode’s fundamental lasing frequency, and the de- regime V PS—
tuning is changing over time. The relaxation oscillation may ©—0—00w o

scanning of the phase conjugate feedback which occurs
these feedback fractions. Such scanning has been previouq
observed in a similar geometry PCE87], although the

be excited when the detuning frequency is a multiple of the O1f PCF o 1
. . . . ; F / 3

relaxation oscillation frequency. This self-induced frequency o——"

scanning also manifests itself on the optical frequency spec- coF X%

Extemal Feedback Fraction

trum at the solitary diode mode resolution. The frequency is 0.0t g regime IV E
observed to scan over several hundred gigahertz in the high A\
feedback end of regime IV. A-AA 4 A————A

Other differences between the two systems appear in the 1E3 | A b AAB—p A A 3
feedback levels at which transitions between stable and un-
stable output states occur. This is shown in Fig. 7. It has been  PCF regime Il
previously observed that for COF the transition points, either 1E-4 L . : L . L

0 100 200 300 400

Il —1V or IV =V, are strongly dependent on external cavity
length for this type of lasef38]. For long cavities(>500
mm) the transition points are constant. However, as the cav- FIG. 7. The feedback fractions at which transitions between
ity length reduces from 200 mm, the range of feedback level§iapie and unstable output states occur for Raifen data poinis
resulting in chaotic operation decreases. The feedback fragng cor(solid data pointsas a function of external cavity length.
tion of the IlI—1V transition increases and the feedback frac-The points mark transitions from stable single-mode regime 11l into
tion of the IV—V transition is constant, until at approxi- coherence collapse regime Kitiangles, and from coherence col-
mately 80 mm when no coherence collapsed is observed faspse regime IV into stable single-mode regime(aircles. The
any level of feedback. It is, however, found that when thediode laser injection current is 55 mA (1.4).

External Cavity Length (mm)
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FIG. 8. () The feedback fractions at which transitions between FIG. 9. Low frequency fluctuations induced by phase conjugate
stable and unstable output states occur for R&Hid circles and feedback; near the transition from coherence collapse to stable
COF (open trianglesas a function of injection current. The points Single-mode high feedback regime V. Feedback fraction is 20% in
mark transitions from stable single-mode regime Il into coherence@ and 10% in(b). Solitary diode laser injection current is 35 mA
collapse regime IV, and from coherence collapse regime IV into(1.11y,).
stable single-mode regime \b) The same data after it has been
corrected for the different experimentally derived coupling coeffi-  |nterpreting the results in terms of existing theories is not
cient for COF and PCF. The external cavity is 300 mm in each caseantirely appropriate because the assumptions and approxima-

tions made in these models are not always met by the experi-
IV—V transition point for shorter cavities. The transition MeNt which involves a PCM with finite response time and
points are shown as a function of injection current in Fig.Intéraction length. Also, many of the new behaviors are ob-
8(a). When the feedback fraction is corrected for the differ-s.erVEd close to the A4V transition, and there IS no pub-
ent coupling efficiencies for COF and PCFig. 8(b)], it is lished theoretical research on PCF for such high optical feed-

seen that the transition from regime Il to IV occurs for the back levels to our knowledge. However, some qualitative
9 agreement between existing theory and the current experi-
same feedback levels.

ment occurs, and some useful discussion can be made. Both

At injection currents close to the solitary diode I‘T"SerCOF and PCF lead to a progression from a stable, single
threshold, a low-frequency-fluctuatioftFF) type state is frequency regimdlil) to an unstable regiméV), and then

observed for both COF and PCF. This is shofer PCR in {4 3 second stable, single frequency regivigwith increas-

Fig. 9. The LFF instability has been attributed as a time4nq |evels of feedback, either COF or PCF. This progression
inVerted type I intermittencﬂ40], Characterized by intermit' is expected for COF but iS not expected for instantaneous
tent breakdown eventpower dropoutsfollowed by a return - pCF where the system is predicted to remain unstable once it
to equilibrium. The distribution of the dropout events is de-has made the transition to instability, and it makes this tran-
termined by the injection current and feedback fraction. Thesition at much lower levels of feedback compared to COF.
recovery may either be a gradual increase to the equilibriunThe experimentally observed progression is consistent with
power valug40] or a rapid power increase to a value higherthe model of Van der Graadt al. for a finite response time
than equilibrium, followed by a gradual decrease to equilib-PCM [13]. This predicts that the PCF with finite response
rium [41-43. This recovery is governed by the value of the time stabilizes the system for lower levels of feedback and
feedback fractionthis work and/or the asymmetry of the that a transition back to stable behavior will be seen at higher
laser diode facet reflectancgkl]. The states shown in Fig. 9 PCF levels. The fact that the experimentally determined
both represent types of LFF behavior previously observed ifieedback level for transitions from regime llI-1V is the same
COF systemgq40-43. The intensity noise spectrum for for both PCF and COF, when the correction for the different
these cases shows increased noise at low frequencies, as erupling coefficients is made, further supports that this tran-
pected. There is little apparent difference between the twaition for PCF has been stabilized and is similar to COF
LFF stateg COF and PCF when the response time of the PCM is slow. That there are
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clear differences between PCF and COF is shown by théhat the mode will have a radius of curvature that matches
differing spectral characteristics and the higher feedback levthe radius of curvature of the real mirror of the two mirror
els for the regime V-V transition for PCF compared to resonatorthe second mirror being the PGMrhe mode that
COF. This latter result is consistent with Bochove’s predic-will actually lase will be the one that uses the available gain
tion that increasing the response time of the PCM cause®ost efficiently, taking into account any real or effective
increased instabilities at higher levels of feedbfbK. Thus ~ aperturing arising from, for example, the spatial extent of the
the predictions of both these modé¢ls3,14 are seen to be PuUmMp beams{44]. In the laser system studied here the
consistent with the experimental results, although it would be €@l mirror is, in fact, the laser diode end facet, or indeed,
plausible to interpret these predictions as being contradictor§€ |aser diode waveguide. The experimental results demon-
in the absence of the results from the experiment. The effeirate that the mode that uses the gain most efficiently in this
of finite interaction depth is predicted to lead to a stabiliza-SyStém, with both PCF and COF, is the single roundirip
tion of the system with higher levels of PGEZ], which is mode. Some previous experiments of PCI-:.II.’] laser diodes
inconsistent with the observations, indicating that this effect18:49 have observed c/AL modes when utilizing spectrally

may not be significant in these experiments. The interactioff€9enerate FWM and have taken this observation of c/4L
length in the experiments is about a fifth of the lowest valug"0des as proof that phase conjugate feedback is being gen-
simulated in Ref[12] so the effect would be expected to be erated. An independent check_ of the phas_e conjugate ngture
smaller than the results of that paper. It appears that the finit the feedback has been carried out in this study, following

response time is dominant in determining the stability of the"® Method of Ref.34]. The resullts of all experimental stud-

PCF system, though more work needs to be done to suppdftS Of PCF in laser diodes to ddtes, 39, this work suggest

such speculation. A difference between the length deperi® ¢/2L modes will be seen when the PCF is both spectrally
dence of PCF and COF is predicti&], again for a nonzero and spatially degenerate and the c/4L modes are seen when

response time PCM, and a change in this PCF length depeHje PQF is spectrally degenerate but spatially nondegenerate
dence with response time is predicted in Hag], although ~and vice-versa.
for NDFWM PCF.
_ Th_e experiments and results reported here indicate t_he IV. CONCLUSION
directions and the important parameters that need to be in-
cluded for a full theoretical description of diode lasers with Phase conjugate and conventional optical feedi®€x-
PCF. These are higher levels of feedback that can be deénd COFR into a laser diode have been contrasted in a system
scribed validly by the theoretical model methods reported taising the same laser device. Results from any study of laser
date, a variable time response of the phase conjugate mirrodjodes with optical feedback depend on the diode and feed-
and the possibility of an ill-defined external cavity length back used. The self-pumped phase conjugate mirror
when a two-interaction-region PCM is used. Further experi{SPPCM used here is based on a rhodium doped BaTiO
mental results are also needed for a full description of thesphotorefractive crystal. The SPPCM is thus characterized by
systems. Areas of study should include repetition of theslow response time, has a finite interaction depth, and the
above experiments using a semiconductor phase conjugateelf-pumped geometry introduces an uncertainty in the exter-
(which will have a much faster response timeomparison nal cavity length. The laser diode has the characteristics of
with phase conjugation using nondegenerate four-wavebeing very nearly single mode with strong damping of the
mixing (rather than self-pumpedand the effect of the spe- relaxation oscillation. The results show that the system with
cific type of diode laser. The observation of a temporal evoPCF displays unstable, coherence collapsed, chaotic behav-
lution of the output state observed near the V-V transitionior starting at optical feedback levels which are the same for
for PCF is probably too complex to treat theoretically. It COF and continuing to levels 5-50 times higher than for
relies on the phenomenon of self-induced frequency scarcOF (depending on the injection currgnin the long exter-
ning which is not entirely understood, is difficult to fully nal cavity limit. This increased range of feedback levels giv-
characterize, and occurs at strong feedback levels. All oing unstable output for PCF is expected from theory. The
these represent very difficult theoretical problems. route to chaos for this system using a highly damped laser
The observation of the external cavity mode spacingdiode does not appear to be undamping of the relaxation
c/2L, as the dominant frequency appearing in the relativeoscillations, as is commonly predicted by many theoretical
intensity noise and optical spectra, for both COF and PCF, aseatments published to date. Excitation of external cavity
the transition to unstable operation occurs is worthy of fur-modes is the first periodic output observed. Within regime
ther discussion. Several authors have predicted that the obV, there is a large difference in the spectrum of the power
served dominant frequency is c/4L for PCF compared taoise for PCF compared to COF. For PCF, broad noise fea-
c/2L for COF in theoretical studidd4]. These studies have tures about the external cavity mode frequencies appear as
been for nondegenerate four wave mixiNDFWM) and, in ~ soon as the transition to regime IV has occurred in contrast
turn, refer to earlier work44] which demonstrated that there to the narrow features that appear for COF. For PCF these
is no stable mode for a single roundtrip in the nondegeneratteatures further broaden with increasing feedback, but not as
case. However, for the case of degenerate FWM, which isnuch as they do for COF. The features narrow again as the
relevant for the present experiments, Ref4] shows that feedback level approaches the V-V transition level,
there are a large range of possible stable modes for botivhereas for COF the features remain broad until the abrupt
single and double roundtrips, with the only constraint beingtransition to regime V occurs. Also, low-frequency noise ap-
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pears as the regime V boundary is approached, which is ndtigher than for COF. The main advantage of PCF is the
seen for COF. much higher coupling efficiency of the feedback to the laser
Two new types of behavior have been seen for the case afiode. More experimental studies that derive the PCF using
PCF. The optical spectrum of the solitary laser modes showalternative PCMs, particularly ones with faster response
a systematic transfer of power from one solitary laser modé¢imes, are needed to determine the relative occurrence of
to its nearest neighbor. Close to the IV-V transition bound-stable and unstable output. Theory suggests stable output at
ary a new regime of self-frequency scanning is observedhigh feedback levels may not be achievable using instanta-
This regime has an optical frequency spectrum which cycleseous PCMs. Additionally, there are new opportunities to
in time through four distinct states: single frequency, singlestudy the detailed nature of the instabilities using the Rh:
frequency with strong excitation of the relaxation oscilla- doped BaTiQ PCM and alternates that will contribute to the
tions, coherence collapsed, and multimode. These new olunderstanding of these complex nonlinear systems.
servations and the evolution of the power noise and optical
spectra are tasks for future theoretical investigation. ACKNOWLEDGMENTS
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