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Contrasting conventional optical and phase-conjugate feedback in laser diodes

J. S. Lawrence* and D. M. Kane†

Physics Department, Macquarie University, Sydney 2109, Australia
~Received 29 June 2000; published 6 February 2001!

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 III 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 III 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 IV; and a very much larger range
of feedback levels leading to unstable output. The level of optical feedback leading to a transition from regime
III 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.

DOI: 10.1103/PhysRevA.63.033805 PACS number~s!: 42.55.Px, 42.65.Hw, 42.60.Mi
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I. INTRODUCTION

Over the last twenty years, many aspects of the beha
of semiconductor diode lasers subject to conventional opt
feedback~COF! have been investigated; both theoretica
and experimentally. Such feedback has been found to ind
a variety of effects on the laser diode’s operating charac
istics, such as a narrowing or broadening of the lasing li
width, a reduction in threshold gain, and a variety of sta
and unstable dynamic states@1–3#. Also, diode lasers with
phase conjugate feedback~PCF! have been experimentall
and theoretically examined@4–23#. Early work concentrated
on obtaining narrow-linewidth, single-frequency operati
using PCF@16# and identified self-frequency scanning as
feature of laser diodes with PCF derived using a ring or
PCM ~phase conjugate mirror!, in common with other lase
systems using these PCMs@23#. Subsequent work has con
tinued these themes and also shown that the nonlinear sy
of a laser diode with PCF induces distinct dynamics@1,4–
14#. Phase conjugate feedback is found to influence the
tensity and frequency noise and may significantly red
both compared to the case of COF in certain operating
gimes@10,11#. The frequency spacing of the external cav
resonator modes is predicted to be half that of the COF c
@4,14# if the conjugation is achieved by nondegenerate fo
wave-mixing.

Phase conjugate feedback in single-mode narrow-st
diode lasers has been found to induce a multi-mode s
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indicative of coherence collapse@15#, to force predominantly
multi-mode lasers to operate single-mode@16# or with in-
creased side mode suppression@17#, to narrow the lasing
linewidth @16,18,19# ~below that possible with COF@20#!,
and to provide frequency stabilization@18,21# and mode-
locking @22#. These effects have been observed at a num
of different feedback levels, dictated by the phase conjug
efficiency. The use of PCF has also been shown to prov
better mode coupling for broad area diodes or laser di
arrays@24,25#. Such work is concerned with the spatial a
tributes of phase conjugation.

Diode lasers with COF operate in one of a number
distinct regimes of behavior dependent on the level of
feedback@3#. The regimes relevant to the study here are
IV, and V. At the lower levels of feedback~regime III! the
diode laser operates in a stable single longitudinal mode~the
narrowest linewidth mode! with constant power. As the leve
of optical feedback is increased, the laser diode system
dergoes a transition to a chaotic state, known as cohere
collapse~or regime IV!, which is characterized by a dramat
cally broadened noise spectrum and an optical spect
which is multi-mode. The spectrum is multi-mode both
the frequency scale of the longitudinal mode spacing of
laser diode and a frequency close to the external cavity m
frequency. The route to this unstable, chaotic output s
involves a series of bifurcations driven by oscillations d
rived from one of several possible sources, such as
damped relaxation oscillations of the diode laser, oscillatio
at the external cavity frequency, low frequency fluctuatio
or noise@26–29#. Still further increase in the optical feed
back level results in a transition to another single-mo
strong feedback regime~regime V!, when a diode laser with
a low reflectance or anti-reflectance coated facet facing
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J. S. LAWRENCE AND D. M. KANE PHYSICAL REVIEW A63 033805
external mirror is used@2#. This regime is not expected whe
uncoated laser diodes are used.

A number of theoretical studies on diode lasers with P
have shown that the spatial and temporal phase reversa
duced by the PCM incites dynamic instabilities that are mu
richer than for COF@1,4–11#. These models describe wea
to moderate levels of feedback only~one round trip of the
external cavity is included!. The dynamical behavior is typi
cally explored via bifurcation diagrams and noise spec
obtained from solutions of the Lang–Kobayashi rate eq
tions modified for PCF, for a range of phase conjugate
flectivity and different cavity lengths. Poincare maps and
tractors of the Poincare map have also been determine
give additional insight into the dynamics@9#. The general
form of the rate equations, which define the photon num
P(t) and phasef(t) of the electric field, and the averag
carrier density within the active regionN(t), are

dP~ t !

dt
5S G~N!2

1

tp
D P~ t !12kAP~ t !P~ t2t!

3cosf~ t !1Rsp1Fp~ t !, ~1!

df~ t !

dt
5Dv2

a

2 S G~N!2
1

tp
D1kAP~ t2tp!

P~ t !

3sinf~ t !1Ff~ t !, ~2!

dN~ t !

dt
5J2

N~ t !

ts
2G~N!P~ t !1FN~ t !, ~3!

with

f~ t !5v0t1f~ t !2f~ t2t!, for COF, ~4!

and

f~ t !5fPCF1f~ t !1f~ t2t!, for PCF. ~5!

G(N) is the gain;tp is the photon lifetime:Rsp is the spon-
taneous emission rate:a is the linewidth enhancement facto
Dv is the detuning of the pump frequency from the fr
running laser diode frequency~it is zero for degenerate PC
using a self-pumped phase conjugate mirror!: J is the injec-
tion current density:ts is the carrier lifetime:t is the external
cavity round trip time:fPCF is the constant phase shift due
the PCM:v0 is the solitary diode frequency: andFP,f,N(t)
are the Langevin noise forces. There is a requirement tha
dynamic change in the complex wave number is small i
Dkl!1, with l the solitary diode length, for the Lang
Kobayashi rate equations to be valid. This condition is v
lated at high feedback levels. The Langevin noise terms
the effects of spontaneous emission are commonly ignore
separate the deterministic effects from the stochastic. A
the effect of nonlinear gain suppression is commonly om
ted. The coupling coefficientk, for the case of weak feed
back, is given by

k5
12R1

t in
AhcRext

R1
, ~6!
03380
F
in-
h

,
-
-

t-
to

r

he
.,

-
d
to
o,
-

whereR1 is the laser diode facet reflectivity:t in is the laser
diode internal round trip time:Rext is the external feedback
fraction ~from the phase conjugate or ordinary mirror!: and
hc is the coupling efficiency~less than or equal to 1! be-
tween the external feedback field and the diode laser~which
has a lower value for COF than for PCF!. The introduction
of feedback has coupled the phase to both the photon num
and carrier density, leading to the possibility of chaotic d
namics.

Period doubling, quasi-periodic, intermittency, an
symmetry-lifting routes to chaos have all been observed
theoretical simulations using the rate equations for PC
These routes, and the feedback levels at which transit
between stable and unstable/chaotic states occur, are f
to be dependent on a number of system parameters.
majority of these models assume an instantaneously resp
ing PCM with zero interaction depth. In this case, the syst
is stable for very low levels of PCF; and once it makes
transition to unstable output it remains unstable for all lev
of PCF and the nature of the instability changes with fe
back.

The assumption that the PCM responds instantaneous
the incident light fields may be valid for certain types
PCM, such as fast Kerr media or semiconductor PC
which have a response time of the order of the carrier l
time. Photorefractive ferroelectrics~such as BaTiO3) and sil-
lenites have a slow response to incident radiation due to
carrier mobility, and the PCM response time is slower th
the round trip time. Thusk becomes time dependent, and
fourth equation must be added to Eqs.~1!–~3!, which de-
scribes the PCM dynamics. Two predictions of the effect
finite response time have been made, both for nondegene
four wave mixing~NDFWM!. Van der Graafet al. predict
that the finite response time tends to stabilize a laser w
PCF. The low feedback stability edge is shifted upwards a
the system becomes stable again at higher levels
feedback—a regime III.IV.V sequence is shown with in
creasing PCF@13#. Bochove has predicted that a finite r
sponse time diminishes stability at higher feedback lev
@14#. The predictions of Ref.@13# are consistent with the
results of the experiments using finite response time deg
erate four wave mixing reported here. Second, the interac
length of the PCM is generally considered to be zero in t
oretical treatments. This is a measure of the time taken
the incident beams to penetrate inside the PCM in orde
generate the phase conjugate signal. Thus it may rely
factors such as the PCM size and geometry. The effec
finite interaction depth has been predicted to suppress
otic output and remove much of the external cavity spac
dependence of the dynamics for PCF derived from NDFW
@12#. The smallest interaction length simulated was at lea
factor of 5 longer than would be appropriate for the expe
ment reported here.

None of the theoretical treatments to date is strictly ap
cable to the region of strong PCF studied in the experime
A number of methods have been used to examine the be
ior of diode lasers coupled to strong COF. These are ge
ally derived from a traveling wave description of the syste
5-2
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CONTRASTING CONVENTIONAL OPTICAL AND PHASE- . . . PHYSICAL REVIEW A 63 033805
and include iterative@30# and composite-cavity approache
@31,32#. This method has yet to be applied to strong feedb
in PCF systems.

In the study presented here, a comprehensive system
experimental comparison of the same laser diode with b
conventional optical feedback and PCF is presented. In
ticular, the evolution of the intensity noise spectrum, the
tical frequency spectrum, and the output power versus ti
with increasing feedback level, are observed. The leve
feedback is extended well into regime V~very strong feed-
back! for both cases. From the spectral observations, in
ences can be made about the system’s high frequency
namics. Also, critical feedback levels that result
transitions between stable and unstable regimes are c
pared for the two cases, for a number of different cav
lengths. The main difference between the two systems~COF
and PCF! is found to occur at the IV→V transition. It is
found that a state characterized by an intensity noise s
trum consisting of large broad peaks at the external ca
mode spacing and an optical spectrum consisting of the
citation of adjacent laser diode longitudinal modes is o
served for PCF but not for COF. Power is transferred s
tematically from one mode to the other as the PCF leve
increased. Also, close to the IV–V transition boundary P
leads to a temporal evolution of the optical frequency sp
trum through a number of distinct states. Low frequen
fluctuations are observed for low injection currents for bo
COF and PCF. A very much larger range of feedback lev
gives chaotic output when using PCF. The level of opti
feedback leading to a transition from regime III to IV is th
same for conventional optical feedback and phase conju
feedback when the correction for the higher coupling e
ciency of PCF compared to COF is made. It is the transit
from regime IV to V that occurs at much higher levels
feedback when PCF is used that leads to a larger rang
feedback levels giving chaotic behavior. The relative inte
sity noise spectra for the two types of feedback are a
qualitatively different. Some of the observed characteris
are consistent with the current theoretical understanding
is discussed later.

II. EXPERIMENT

The experimental arrangement is shown in Fig. 1. T
solitary diode laser used is a quantum-well, index-guid
hi/lo reflection coated, 850 nm, 50 mW device~STC # LT50-
03U!; which is mounted on a heat sink and temperature c
troller. This type of diode laser is predominantly single-mo
~with a side mode suppression of typically 20 dB! through a
large range of injection currents. The output is collimat
~with a Melles GriotGRIN rod lens! and feedback is gener
ated at a distance of 50–1000 mm. Conventional opt
feedback is produced by a plane mirror of 95% reflectivi
Phase conjugate feedback is obtained from an internal re
tion geometry self-pumped rhodium-doped~1300 ppm!
BaTiO3 crystal (5.6 mm36.2 mm38.2 mm). The maximum
phase conjugate reflectance achieved is 50%, which is
within the strong feedback regime. The time taken for
phase conjugate mirror to become established is depen
03380
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on alignment. It is of the order of 200–300 s when close
optimum alignment. The Glan–Taylor prism is used to e
sure horizontal polarization~i.e., in the same plane as thec
axis of the Rh:BaTiO3 crystal!. For both COF and PCF an
intracavity beam splitter is used to pick off some of the int
cavity power to allow monitoring of the system output a
phase conjugate efficiency. A variable attenuator is use
control the amount of feedback. The output is monitor
with a power meter, a 10 and 1000 GHz FSR Fabry–Pe
interferometer, and a fast photodiode~3 GHz! connected to a
radio frequency spectrum analyzer or fast oscilloscope.

The feedback fraction,Rext, is defined as the ratio of the
emitted power from the front facet of the diode to the r
flected power entering the collimating optic; i.e., the ratio
the average power at output 2 to the average power at ou
1. The feedback fraction, measured by this method, does
include the coupling efficiency,hc , which accounts for the
losses through the collimating optic, reflection off the dio
front facet, and any mode mismatch between the feedb
light and the waveguide mode. This efficiency has been
timated, from fits to the slope efficiency, threshold and o
put power for different external reflectivities, to be 0.28 f
COF and 0.7 for PCF@33#. To ensure the fidelity of the
phase conjugate reflection image restoration experime
similar to those in Ref.@34# have been performed.

III. RESULTS AND DISCUSSION

The evolution of the output intensity noise spectrum a
function of increasing feedback is shown for COF in Fig.
and PCF in Fig. 3, for two different cavity lengths in ea
case. In both Figs. 2 and 3, the lowest feedback level sho
~spectra a! corresponds to the system operating in a sta
single-mode~regime III!, with low intensity noise over all
frequencies. For the case of COF~Fig. 2!, if the feedback
level is increased, the noise spectrum undergoes a trans
into a state~b! where the external cavity mode frequenci
have been excited. These are spaced by 500 and 330 M
representing external cavity lengths of 300~2 i! and 450 mm
~2 ii!, respectively. Some previous experimental and theo

FIG. 1. Experimental setup for PCF. For COF the barium tita
ate crystal is replaced by a plane mirror. Output 1 is measured
a power meter, Fabry–Perot interferometer and a noise spec
analyzer.
5-3
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J. S. LAWRENCE AND D. M. KANE PHYSICAL REVIEW A63 033805
ical investigations@10,26–29# have shown that the initial bi
furcation from steady state behavior is to a periodic state
oscillation at the relaxation oscillation frequency. This st
would manifest itself as a peak in the optical frequency sp
trum at the relaxation oscillation frequency. Such a pea
not observed, indicating either that the relaxation oscillat
remains highly damped or that the period one behavior
curs over a finer range of feedback fractions than is res
able in the experiments. The observed initial excitation of
external cavity mode frequencies represents an output po
with a periodicity at the inverse of the external cavity fr
quency~2 ns!. Observation of the output power versus tim
~with a 2 GHz oscilloscope! indicates that this initial state i
not a stable periodic orbit, but is a periodic oscillation~with
components at both the relaxation oscillation frequency
the external cavity frequency! that decays transiently into
noise. Further investigation into such behavior will be pu
lished elsewhere.

As the feedback is further increased, the noise peak
the external cavity mode spacing broaden and decreas
magnitude, and a number of smaller peaks of irregular sp
ing are observable. These spectra imply that the ou
power versus time has an increased number of characte

FIG. 2. Intensity noise spectra for increasing COF level. T
external cavity length is 300 mm in~i! and 450 mm in~ii !. The
feedback fractions from a–h are 0.15%, 0.20%, 0.50%, 0.7
1.0%, 1.5%, 2.5%, and 5.0%, respectively. The diode laser injec
current is 55 mA (1.7I th). All spectra are plotted on identical ver
tical scales that are shifted vertically for clarity.
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frequencies; the smaller peaks represent harmonic and
tangled frequencies of the external cavity modes, the di
laser longitudinal modes and the relaxation oscillation f
quency. It is unclear at which exact feedback fraction
system is operating chaotically, although the noise spe
that appear in f and g are characteristic of chaotic outpu
theoretically predicted@7,9,27#. The output power versus
time for these feedback levels shows some transient per
icity at the external cavity mode spacing that decays int
very noisy signal with no resolvable repetition. Further i
vestigation of such time series is required to ascertain if c
otic behavior is being observed.

When the plane mirror is replaced with a PCM the no
spectrum evolves somewhat differently. This is shown
Fig. 3 for the same two cavity lengths. It can be seen that
resonant noise frequencies occur at the same excited m
frequencies~c/2L! as for COF for both cavity lengths; this i
found to be the case for all other cavity lengths examin
~50–1000 mm!. The evolution of the noise spectrum~for
PCF! is also common to all cavity lengths. The initial exc
tation of the external cavity modes that occurs at the fi
transition into the coherence collapse regime~spectrum b!,
from the low feedback regime, is similar to that for CO

e

,
n

FIG. 3. Intensity noise spectra for increasing PCF level. T
external cavity length is 300 mm in~i! and 450 mm in~ii !. The
feedback fractions from a–h are 0.04%, 0.06%, 0.15%, 0.5%, 1.
5.0%, 10%, and 25%, respectively. The diode laser injection cur
is 55 mA (1.7I th). All spectra are plotted on identical vertica
scales that are shifted vertically for clarity.
5-4
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However, the external cavity mode resonances do not re
the same magnitude and are much broader. There are
possible reasons for this difference. First, it may be that
PCF system bifurcates into higher-order dynamics m
quickly than the COF system and the initial bifurcations o
cur on a finer resolution of feedback level than experim
tally observable. Second, it may be that total internal refl
tion geometry PCM introduces an uncertainty in the exter
cavity length, due to the dynamically forming grating with
the crystal relying on beam fanning effects. This may caus
loss of constraint on the systems lasing frequency. Unlike
simple transition from broadband chaos into single-mode
havior, which is observed for COF, the transition into regim
V ~h! is preceded by a significant increase in the no
around the external cavity mode frequencies~e–g!; though
there is still a large number of closely spaced smaller pe
at these feedback levels. This indicates that the IV→V tran-
sition for PCF may involve a series of bifurcations fro
chaos into stability, through some other higher-order
namic states.

Further difference between the two types of feedback
shown in the optical frequency spectrum. At an FSR of 10
GHz the longitudinal modes of the laser diode spaced by
GHz are observable. Figure 4~i! shows the optical frequenc
spectra for COF with increasing feedback levels. Spectr

FIG. 4. Optical frequency spectra for increasing feedback le
COF is shown in~i! with feedback fractions froma–g of 0.15%,
0.20%, 0.70%, 1.0%, 1.5%, 2.5%, and 5.0% respectively. PC
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 la
injection current is 55 mA (1.7I th). All spectra are plotted on iden
tical vertical scales that are shifted vertically and horizontally
clarity.
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~a! is for a low feedback level that corresponds to sta
single-mode behavior~regime III!, with side mode suppres
sion ~not resolvable at the given scale! of greater than 30 dB.
Increasing the feedback results in an abrupt transition t
multi-mode state~b!, which corresponds to an excitation o
the external cavity modes, as shown in Fig. 2. Further
crease in feedback results in an increase in the number
magnitude of the laser diode longitudinal modes~c–f!, until
at a feedback level of 5% there is an abrupt transition
stable single-mode regime V operation~g!. At low feedback
levels the optical spectrum evolves similarly for the case
PCF@Fig. 4~ii ! b–d#. However, at feedback levels above a
proximately 5%~e, f! a new state is observed. This sta
comprises lasing on two adjacent longitudinal modes of
laser diode, and corresponds to the noise spectra which c
prises broad peaks at the external cavity mode spacing~Fig.
3 f and 3 g!. Such a spectrum may represent either the s
tem lasing simultaneously on two~adjacent! modes or rapid
mode hopping between the two, similar to the regime
mode hopping state observed at very low feedback levels
COF. Although the presence of significant noise at low f
quencies indicates that the system might be mode hopp
i.e., as due to mode partition noise, it has been experim
tally determined that mode hopping does not occur at
quencies slower than 15 MHz. Power is systematically tra
ferred from one of these modes to the other as the PC
increased.

If the optical frequency is examined at a higher resolutio
that of the external cavity modes~FSR 10 GHz!, further
differences are observed. Figure 5~i! shows the evolution
with feedback power for COF. Figure 5~i! ~a! shows a stable
single-mode~regime III! followed by a transition into a state
of excited external cavity modes in~b! and ~c!. With in-
creased feedback, the output evolves into a broadband m
mode spectrum indicative of chaos in~d! and ~e!, before
switching back to stable single-mode behavior~regime V! in
~f!. Figure 5~ii ! shows the similar evolution for PCF, a
though the broadband chaotic spectra@~c! and ~d!# develop
more rapidly and appear to have fewer features spaced by
external cavity frequency spacing than for comparable CO
In this sense the dynamics for PCF are simpler than those
COF. However, there is also a small region of feedback fr
tions close to the IV→V transition @Fig. 5~ii ! ~e!# which
show a temporal evolution of the output state with fix
feedback fraction. This is shown in more detail in Fig. 6. T
output is observed to switch through a number of disti
states over the time interval of 0.5–1 s. It generally starts
a chaotic multi-mode state~a!, then switches to a state wit
excited external cavity modes~b! which increase in numbe
~c, d! before a transition to a state of lasing on the fund
mental mode with a series of side-modes~e, f! spaced by
approximately 2–3 GHz. The separation between the cen
peak and the side-modes is found to increase linearly w
the square root of the current above threshold. This indica
that this state is an excitation of the laser diode relaxat
oscillation frequency, similar to that observed in colline
nondegenerate-four-wave-mixing@35# or injection locking
@36# in semiconductor diode lasers. This evolution of t
output state with time is due to the self-induced frequen
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J. S. LAWRENCE AND D. M. KANE PHYSICAL REVIEW A63 033805
scanning of the phase conjugate feedback which occur
these feedback fractions. Such scanning has been previo
observed in a similar geometry PCM@37#, although the
phase conjugate signal is isolated in that case and there
the multimode dynamics have not been observed. The ra
of different states occur because the feedback is now detu
from the diode’s fundamental lasing frequency, and the
tuning is changing over time. The relaxation oscillation m
be excited when the detuning frequency is a multiple of
relaxation oscillation frequency. This self-induced frequen
scanning also manifests itself on the optical frequency sp
trum at the solitary diode mode resolution. The frequenc
observed to scan over several hundred gigahertz in the
feedback end of regime IV.

Other differences between the two systems appear in
feedback levels at which transitions between stable and
stable output states occur. This is shown in Fig. 7. It has b
previously observed that for COF the transition points, eit
III →IV or IV →V, are strongly dependent on external cav
length for this type of laser@38#. For long cavities~.500
mm! the transition points are constant. However, as the c
ity length reduces from 200 mm, the range of feedback lev
resulting in chaotic operation decreases. The feedback f
tion of the III→IV transition increases and the feedback fra
tion of the IV→V transition is constant, until at approx
mately 80 mm when no coherence collapsed is observed
any level of feedback. It is, however, found that when t

FIG. 5. Optical frequency spectra for increasing feedback le
COF is shown in~i! with feedback fractions from a–f of 0.15%
0.20%, 0.70%, 1.5%, 2.5%, and 5.0%, respectively. PCF is sh
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. T
diode laser injection current is 55 mA (1.7I th). All spectra are
plotted on identical vertical scales that are shifted vertically
clarity.
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plane mirror is replaced by the Rh:BaTiO3 PCM, the transi-
tion points remain approximately constant over the full ran
of experimentally investigated external cavity lengths~50–
1000 mm!. The III→IV transition is found to occur at a
feedback fraction of approximately 0.05% and the IV→V
transition occurs at approximately 20%, regardless of ca
length. It is found that the role of the PCM response time
important for this because heating the crystal, which
creases the response time@39#, has been found to lower th

l.

n
,
e

r

FIG. 6. Optical frequency spectra for PCF at a fixed feedb
level of 22%. The output evolves over time through the sequenc
distinct states shown. The diode laser injection current is 55
(1.7I th). All spectra are plotted on identical vertical scales whi
are shifted vertically for clarity.

FIG. 7. The feedback fractions at which transitions betwe
stable and unstable output states occur for PCF~open data points!
and COF~solid data points! as a function of external cavity length
The points mark transitions from stable single-mode regime III i
coherence collapse regime IV~triangles!, and from coherence col
lapse regime IV into stable single-mode regime V~circles!. The
diode laser injection current is 55 mA (1.7I th).
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IV→V transition point for shorter cavities. The transitio
points are shown as a function of injection current in F
8~a!. When the feedback fraction is corrected for the diffe
ent coupling efficiencies for COF and PCF@Fig. 8~b!#, it is
seen that the transition from regime III to IV occurs for t
same feedback levels.

At injection currents close to the solitary diode las
threshold, a low-frequency-fluctuation-~LFF! type state is
observed for both COF and PCF. This is shown~for PCF! in
Fig. 9. The LFF instability has been attributed as a tim
inverted type II intermittency@40#, characterized by intermit
tent breakdown events~power dropouts! followed by a return
to equilibrium. The distribution of the dropout events is d
termined by the injection current and feedback fraction. T
recovery may either be a gradual increase to the equilibr
power value@40# or a rapid power increase to a value high
than equilibrium, followed by a gradual decrease to equi
rium @41–43#. This recovery is governed by the value of th
feedback fraction~this work! and/or the asymmetry of th
laser diode facet reflectances@41#. The states shown in Fig.
both represent types of LFF behavior previously observe
COF systems@40–43#. The intensity noise spectrum fo
these cases shows increased noise at low frequencies, a
pected. There is little apparent difference between the
LFF states~COF and PCF!.

FIG. 8. ~a! The feedback fractions at which transitions betwe
stable and unstable output states occur for PCF~solid circles! and
COF ~open triangles! as a function of injection current. The poin
mark transitions from stable single-mode regime III into cohere
collapse regime IV, and from coherence collapse regime IV i
stable single-mode regime V.~b! The same data after it has bee
corrected for the different experimentally derived coupling coe
cient for COF and PCF. The external cavity is 300 mm in each c
03380
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Interpreting the results in terms of existing theories is n
entirely appropriate because the assumptions and approx
tions made in these models are not always met by the exp
ment which involves a PCM with finite response time a
interaction length. Also, many of the new behaviors are
served close to the IV→V transition, and there is no pub
lished theoretical research on PCF for such high optical fe
back levels to our knowledge. However, some qualitat
agreement between existing theory and the current exp
ment occurs, and some useful discussion can be made.
COF and PCF lead to a progression from a stable, sin
frequency regime~III ! to an unstable regime~IV !, and then
to a second stable, single frequency regime~V! with increas-
ing levels of feedback, either COF or PCF. This progress
is expected for COF but is not expected for instantane
PCF where the system is predicted to remain unstable on
has made the transition to instability, and it makes this tr
sition at much lower levels of feedback compared to CO
The experimentally observed progression is consistent w
the model of Van der Graafet al. for a finite response time
PCM @13#. This predicts that the PCF with finite respon
time stabilizes the system for lower levels of feedback a
that a transition back to stable behavior will be seen at hig
PCF levels. The fact that the experimentally determin
feedback level for transitions from regime III–IV is the sam
for both PCF and COF, when the correction for the differe
coupling coefficients is made, further supports that this tr
sition for PCF has been stabilized and is similar to CO
when the response time of the PCM is slow. That there

e
o

-
e.

FIG. 9. Low frequency fluctuations induced by phase conjug
feedback; near the transition from coherence collapse to st
single-mode high feedback regime V. Feedback fraction is 20%
~a! and 10% in~b!. Solitary diode laser injection current is 35 m
(1.1I th).
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clear differences between PCF and COF is shown by
differing spectral characteristics and the higher feedback
els for the regime IV–V transition for PCF compared
COF. This latter result is consistent with Bochove’s pred
tion that increasing the response time of the PCM cau
increased instabilities at higher levels of feedback@14#. Thus
the predictions of both these models@13,14# are seen to be
consistent with the experimental results, although it would
plausible to interpret these predictions as being contradic
in the absence of the results from the experiment. The ef
of finite interaction depth is predicted to lead to a stabiliz
tion of the system with higher levels of PCF@12#, which is
inconsistent with the observations, indicating that this eff
may not be significant in these experiments. The interac
length in the experiments is about a fifth of the lowest va
simulated in Ref.@12# so the effect would be expected to b
smaller than the results of that paper. It appears that the fi
response time is dominant in determining the stability of
PCF system, though more work needs to be done to sup
such speculation. A difference between the length dep
dence of PCF and COF is predicted@8#, again for a nonzero
response time PCM, and a change in this PCF length de
dence with response time is predicted in Ref.@12#, although
for NDFWM PCF.

The experiments and results reported here indicate
directions and the important parameters that need to be
cluded for a full theoretical description of diode lasers w
PCF. These are higher levels of feedback that can be
scribed validly by the theoretical model methods reported
date, a variable time response of the phase conjugate m
and the possibility of an ill-defined external cavity leng
when a two-interaction-region PCM is used. Further exp
mental results are also needed for a full description of th
systems. Areas of study should include repetition of
above experiments using a semiconductor phase conjug
~which will have a much faster response time!, comparison
with phase conjugation using nondegenerate four-wa
mixing ~rather than self-pumped!, and the effect of the spe
cific type of diode laser. The observation of a temporal e
lution of the output state observed near the IV–V transit
for PCF is probably too complex to treat theoretically.
relies on the phenomenon of self-induced frequency sc
ning which is not entirely understood, is difficult to full
characterize, and occurs at strong feedback levels. Al
these represent very difficult theoretical problems.

The observation of the external cavity mode spaci
c/2L, as the dominant frequency appearing in the rela
intensity noise and optical spectra, for both COF and PCF
the transition to unstable operation occurs is worthy of f
ther discussion. Several authors have predicted that the
served dominant frequency is c/4L for PCF compared
c/2L for COF in theoretical studies@14#. These studies hav
been for nondegenerate four wave mixing~NDFWM! and, in
turn, refer to earlier work@44# which demonstrated that ther
is no stable mode for a single roundtrip in the nondegene
case. However, for the case of degenerate FWM, whic
relevant for the present experiments, Ref.@44# shows that
there are a large range of possible stable modes for
single and double roundtrips, with the only constraint be
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that the mode will have a radius of curvature that matc
the radius of curvature of the real mirror of the two mirr
resonator~the second mirror being the PCM!. The mode that
will actually lase will be the one that uses the available g
most efficiently, taking into account any real or effectiv
aperturing arising from, for example, the spatial extent of
pump beams@44#. In the laser system studied here th
‘‘real’’ mirror is, in fact, the laser diode end facet, or indee
the laser diode waveguide. The experimental results dem
strate that the mode that uses the gain most efficiently in
system, with both PCF and COF, is the single roundt
mode. Some previous experiments of PCF in laser dio
@18,45# have observed c/4L modes when utilizing spectra
degenerate FWM and have taken this observation of c
modes as proof that phase conjugate feedback is being
erated. An independent check of the phase conjugate na
of the feedback has been carried out in this study, follow
the method of Ref.@34#. The results of all experimental stud
ies of PCF in laser diodes to date@18, 39, this work# suggest
the c/2L modes will be seen when the PCF is both spectr
and spatially degenerate and the c/4L modes are seen w
the PCF is spectrally degenerate but spatially nondegene
and vice-versa.

IV. CONCLUSION

Phase conjugate and conventional optical feedback~PCF
and COF! into a laser diode have been contrasted in a sys
using the same laser device. Results from any study of la
diodes with optical feedback depend on the diode and fe
back used. The self-pumped phase conjugate mi
~SPPCM! used here is based on a rhodium doped BaTi3,
photorefractive crystal. The SPPCM is thus characterized
slow response time, has a finite interaction depth, and
self-pumped geometry introduces an uncertainty in the ex
nal cavity length. The laser diode has the characteristics
being very nearly single mode with strong damping of t
relaxation oscillation. The results show that the system w
PCF displays unstable, coherence collapsed, chaotic be
ior starting at optical feedback levels which are the same
COF and continuing to levels 5–50 times higher than
COF ~depending on the injection current!, in the long exter-
nal cavity limit. This increased range of feedback levels g
ing unstable output for PCF is expected from theory. T
route to chaos for this system using a highly damped la
diode does not appear to be undamping of the relaxa
oscillations, as is commonly predicted by many theoreti
treatments published to date. Excitation of external cav
modes is the first periodic output observed. Within regim
IV, there is a large difference in the spectrum of the pow
noise for PCF compared to COF. For PCF, broad noise
tures about the external cavity mode frequencies appea
soon as the transition to regime IV has occurred in cont
to the narrow features that appear for COF. For PCF th
features further broaden with increasing feedback, but no
much as they do for COF. The features narrow again as
feedback level approaches the IV–V transition lev
whereas for COF the features remain broad until the ab
transition to regime V occurs. Also, low-frequency noise a
5-8
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pears as the regime V boundary is approached, which is
seen for COF.

Two new types of behavior have been seen for the cas
PCF. The optical spectrum of the solitary laser modes sh
a systematic transfer of power from one solitary laser m
to its nearest neighbor. Close to the IV–V transition boun
ary a new regime of self-frequency scanning is observ
This regime has an optical frequency spectrum which cyc
in time through four distinct states: single frequency, sin
frequency with strong excitation of the relaxation oscil
tions, coherence collapsed, and multimode. These new
servations and the evolution of the power noise and opt
spectra are tasks for future theoretical investigation.

In the context of using PCF to obtain narrow linewidt
high spatial quality output the present study shows that sl
photorefractive crystals can give this output, but the leve
feedback required to achieve strong feedback behavior
ic

l.

.

c-

ra

et

t.

ys

03380
ot

of
s
e
-
d.
s

e

b-
al

,
f
re

higher than for COF. The main advantage of PCF is
much higher coupling efficiency of the feedback to the la
diode. More experimental studies that derive the PCF us
alternative PCMs, particularly ones with faster respon
times, are needed to determine the relative occurrenc
stable and unstable output. Theory suggests stable outp
high feedback levels may not be achievable using insta
neous PCMs. Additionally, there are new opportunities
study the detailed nature of the instabilities using the R
doped BaTiO3 PCM and alternates that will contribute to th
understanding of these complex nonlinear systems.
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