View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by Caltech Authors - Main

Coherence between two coupled lasers
from a dynamics per spective

Will Ray,!" Jeffrey L. Rogers,? and Kurt Wiesenfeld®

1Center for Nonlinear Science and School of Physics Georgia Institute of Technology, Atlanta,
GA 30332-0430
2Control and Dynamical Systems, California Institute of Technology, Pasadena, CA 91125

willray@gatech.edu

Abstract: We compare a simple dynamical model of fiber laser ar-
rays with independent experiments on two coupled lasere dégree
of agreement with experimental observations is excell@ullectively
the evidence presented supports this dynamical approaem adterna-
tive to the traditional static eigenmode analysis of thepted laser cavities.

© 2009 Optical Society of America

OCIS codes: (060.2320) Fiber optics amplifiers and oscillators; (129(8 Laser arrays;
(190.3100) Instabilities and chaos.

References and links

1. A.Liem, H. Limpert, and A. Tinnermann, “100W singledtency master-oscillator fiber power amplifier,” Opt.
Lett. 28, 1539 (2003).
2. P.Cheo, A. Liu, and G. King, “A high-brightness laser bdemm a phase-locked multicore Yb-doped fiber laser
array,” IEEE Photon. Technol. Lett3, 439-441 (2001).
3. E. Bochove, P. Cheo, and G. King, “Self-organization inwticore fiber laser array,” Opt. Let28, 1200-1202
(2003).
4. C. Corcoran and F. Durville, “Experimental demonstratad a phase-locked laser array using a self-Fourier
cavity,” Appl. Phys. Lett86, 201,118 (2005).
5. V. Apollonov, S. Derzhavin, V. Kislov, V. Kuzminov, D. Makovsky, and A. Prokhorov, “Phase-locking of the
2D structures,” Opt. Expregs 19-26 (1999).
6. M. Wrage, P. Glas, and M. Leitner, “Combined phase lockind beam shaping of a multicore fiber laser by
structured mirrors,” Opt. Let26, 980-982 (2001).
7. N. Lyndin, V. Sychugov, A. Tikhomirov, and A. Abramov, “kar system composed of several active elements
connected by single-mode couplers,” Quantum Elect?dn1058—-1061 (1994).
8. V. Kozlov, J. Herandez-Cordero, and T. Morse, “All-fiber coherent beam comnigirof fiber lasers,” Opt. Lett.
24,1814-1816 (1999).
9. T. Simpson, A. Gavrielides, and P. Peterson, “Extractioaracteristics of a dual fiber compound cavity,” Opt.
Expressl0, 1060-1073 (2002).
10. A. Shirakawa, T. Saitou, T. Sekiguchi, and K. Ueda, “Geheaddition of fiber lasers by use of a fiber coupler,”
Opt. Expresd0, 1167-1172 (2002).
11. D. Sabourdy, V. Kerene, A. Desfarges-Berthelemot, L. Lefort, A. Baettmy, C. Mahodaux, and D. Pureur,
“Power scaling of fibre lasers with all-fibre interferometdavity,” Electron. Lett38, 692—693 (2002).
12. D. Sabourdy, V. Kerene, A. Desfarges-Berthelemot, L. Lefort, A. Baatmy, P. Even, and D. Pureur, “Efficient
coherent combining of widely tunable fiber lasers,” Opt. Eegsl1, 87-97 (2003).
13. H. Bruesselbach, D. Jones, M. Mangir, M. Minden, and JeR® “Self-organized coherence in fiber laser
arrays,” Opt. Lett30, 1339-1341 (2005).
14. H. Bruesselbach, M. Minden, J. Rogers, D. Jones, and NighMd200W Self-Organized Coherent Fiber Ar-
rays,” in2005 Conference on Lasers and Electro-Optics (CLEO), vol. 1, p. 532 (2005).
15. A.lIshaaya, N. Davidson, L. Shimshi, and A. Friesem,rdcavity coherent addition of Gaussian beam distribu-
tions using a planar interferometric coupler,” Appl. Phystt. 85, 2187-2189 (2004).
16. Q. Peng, Z. Sun, Y. Chen, L. Guo, Y. Bo, X. Yang, and Z. Xufitient improvement of laser beam quality by
coherent combining in an improved Michelson cavity,” Opettl30, 1485-1487 (2005).

#106878 - $15.00 USD  Received 28 Jan 2009; revised 3 May 2009; accepted 5 May 2009; published 20 May 2009
(C) 2009 OSA 25May 2009/ Voal. 17, No. 11/ OPTICS EXPRESS 9357


https://core.ac.uk/display/216130407?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

17. B. Lei and Y. Feng, “Phase locking of an array of three flasers by an all-fiber coupling loop,” Opt. Express
15, 17114-17119 (2007).

18. D. Mehuys, K. Mitsunaga, L. Eng, W. Marshall, and A. YatBupermode control in diffraction-coupled semi-
conductor laser arrays,” Appl. Phys. Led8, 1165-1167 (1988).

19. D. Sabourdy, A. Desfarges-Berthelemot, V. Kene, and A. Bartelemy, “Coherent combining of Q-switched
fibre lasers,” Electron. Lettl0, 1254-1255 (2004).

20. J. Rogers, S. Pele§, and K. Wiesenfeld, “Model for lyghn fiber laser arrays,” IEEE J. Quantum Electréh.
767—773 (2005).

21. W. Ray, K. Wiesenfeld, and J. L. Rogers, “Refined fiberrlasedel,” Phys. Rev. &8, 046203 (2008).

22. A. Shirikawa, K. Matsuo, and K. Ueda. “Fiber laser coheeeray for power scaling of single-mode fiber laser,”
Proc. SPIE5662, 482—-487 (2004).

23. A. Shirakawa (personal communication, 2007).

24. P. Le Boudec, M. Le Flohic, P. Francois, F. Sanchez, antéphan, “Self-pulsing in Bt -doped fibre laser,”
Opt. Quantum Electror25, 359-367 (1993).

25. E.Lacot, F. Stoeckel, and M. Chenevier, “Dynamics ofréiuen-doped fiber laser,” Phys. R&v.49, 3997-4008
(1994).

26. S. Bielawski and D. Derozier, “Dynamics of a Nd-dopedrfibser: c.w. and self-pulsing regimes, stabilization,”
J. Phys. Il Franc®, 251-268 (1995).

1. Introduction

Recognizing the power limitations of individual lasersearchers have tried to develop meth-
ods of combining light from an array of semiconductor or filesers to obtain an efficient
high-power source. Extensive investigations have evatlidrious coupling architectures with
the goal of promoting coherent addition in the far-field of fight emitted from the output
reflectors of individual lasers. Inphase array emissiorenafall constituent lasers operate at a
common frequency and with zero relative phase differereg pleen demonstrated using active
control of the phases [1] and with passive coupling schemgading multicore fibers [2, 3],
self-Fourier cavities [4], and Talbot resonators [5, 6]e$& coupling devices often suffer from
alignment issues, stability problems due to low threshdiffér@nces between array solutions,
or increased cavity losses in their implementation.

An alternative approach has recently been developed tao@nfmherent beam combina-
tion in arrays [7,8,9,10,11,12,13, 14]. In addition to agdaes coupling arrangement among
the elemental lasers, losses incurred at the individugduidacets are purposely imbalanced.
Experimental investigations have reported emission df@se coherent light solely from the
output reflector having the lowest losses. This form of @rglcet emission has been studied
primarily in arrays of solid-state and fiber lasers usingifgrometric coupling devices such as
beam splitters [15, 16], fold mirrors [14], or directionauplers [8,9, 10,11,13,17]. In most
realizations only one coupler output is fitted with a refle¢toprovide a global feedback for
the entire array.

Although well-documented experimentally, few model dgg@ns have studied this config-
uration of coherent beam combining. In one depiction [H,diray of coupled lasers is treated
as a single compound-cavity laser. The intrinsic laser dyogsare ignored and coherent beam
combination is discussed in terms of the static eigenmaufess) referred to as supermodes,
of the compound-cavity setup [18]. Although an analysishafse solutions provides impor-
tant considerations necessary for inphase emission froimgéesoutput facet, the validity of
this description is limited to continuous-wave (cw) enassfor pump strengths very close to
threshold. In contrast, experiments have shown high adtdéfficiency in pulsing Q-switched
fiber lasers [19] and at pump strengths extending far abaestiold where the output light
often exhibits more complicated dynamics such as selfipgtls

In this paper we investigate the phenomenon of coherens@anifrom a single output facet
using an iterative map model recently introduced to descifile dynamics of fiber laser ar-
rays [20]. Simulations of two coupled lasers with experitaéyn derived parameters robustly
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Fig. 1. Experimental schematic of two coupled lasers. Easérlgain block is terminated
by a fiber Bragg grating (FBG) at one end and a high-loss otfifjget at the other with field
reflection coefficients; andr,. A 50/50 directional coupler allows light to interact over a
small distance of the fiber lengths. The labg{sandE; indicate the frame of reference for

Eq. ().

produce coherent inphase emission of light entirely froendhtput facet with lowest losses,
even when there is only a small mismatch in output losses Futhermore, the model shows
agreement with experimental results in the presence of diti@ual detuning of the individual
pump currents from optimal operating conditions [7, 9].

A significant feature of the iterative map model is the trezitrof each individual laser as
a separate dynamical oscillator influenced by the other lgisea passive, lossless coupler.
Our numerical computations are consistent with a staticrifgn of the system provided by
supermode theory within the latter’s range of validity. tid#ion, the dynamical model robustly
reproduces the experimental observations over a large re@ingumping values spanning both
cw and pulsing dynamical regimes.

2. Model description

The experiments we consider use the setup schematicaliyrdited in Fig. 1. Each laser cavity
is formed by a fiber Bragg grating (FBG) providing nearly 108&flection on one end and
a high-loss output facet at the other end typically reflectomly about 4% of the incident
intensity. A joint coupling region, most often manifestexiea50'50 fused fiber coupler, lies
between the individual gain blocks and the output facets.

2.1. lterative maps

We recently introduced a dynamical model for a general aédber laser arrays which in-
cludes the setup of Fig. 1 as a special case. A set of nonlomaoled iterative maps traces
the evolution of the electric field and gain of each laser @rex round trip. In a three-level
lasing scheme, the forward-travelling electric fieftls and gaings; » of the individual fibers,
starting in Fig. 1 immediately before the output coupleg, explicitly transformed in one pass
through their respective cavities over a round-trip timaccording to [20, 21]

2 2
Ep(t+T) = Gn(t)+idk joR mEm(t), 1
(t+T) e glsnze fznglsf (t) 1)
Galt+T) = Gnlt)+& XWY,T (G —Gn(t)) = (Gua + Gi(1)) @)
- %(1—@26”“)) IEn(t)[2.
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After an initial pass through the coupler, denoted by therim&in Eq. (1), the emerging
electric fields propagate towards the output facets witpaesve reflection coefficients .
The output facets are assumed to be the only source of cagbes. The light reflected from
each output face then reenters the coupler and passes thteaigdividual gain arms before
finally arriving at the starting point. The amplification diet fields due to the back-and-forth
propagation through the gain sections is characterizedpgreential gaing®:2,

The round-trip time is assumed to be the same for each lasareter, small differences
inevitably exist in the length and propagation constantawghecavity. At a given operational
frequency, these differences are captured by assigningidiél phase shifts acquired in a
full round trip through each constituent laser. The phag atquired in each cavity over one
round trip characterizes the assumed optical frequen&y of In writing these equations, we
have explicitly separated the total phase shift into thrmmsp(ptz is the phase shift acquired
during transit through the individual gain arms on the ledtid side of the couplequf2 denotes
the phase shift picked up from propagation through the regio the right-hand side of the
coupler; and the phase shift gained in the coupling regicorigained in the coupling matri
This separation of the acquired phase shifts is importartwhe consider the conditions for
emission from a single facet when an imbalance exists inabsels from the individual output
facets. These parameters solely influence the phase sbifirad in each constituent laser as
there are no nonlinearities in Eq. (1) associated with gaimtensity-dependent phase shifts.

The evolution equation for the gain, Eq. (2), details operatf a fiber laser in a three-level
scheme [21]. We adopt this form since the experiments weidenased erbium-doped fiber
lasers. The relative pump ratas the ratio of the applied pump rate to the pump rate at lasing
thresholdW . The total available gain in each lasefy is proportional to the stimulated
emission cross section and obtainable population inver3ioe parameter sets the time scale
for the gain dynamics and is the ratio of the round trip timéhie cavity tor, the fluorescence
time of the inversion. The saturation intensity dictates the average power emitting from
each fiber laser. We note that although the form of Egs. (& @)iaccurate description of three-
level operation of erbium-doped amplifying elements, ttoeled does not capture ground-level
absorption losses or pump absorption saturation effestscaed with the presence of large
pump and laser signals.

2.2. Coupling

Although many optical devices have been developed to cdigpiebetween individual lasers,
directional couplers are often used since it is not necggeatight to enter or exit the optical
waveguides in any part of the array. These evanescent asigrketypically formed by heating
and pulling a packed bundle of fibers. Over an interactioiored the individual fiber cores
are sufficiently narrow to release light into the shareddiagl of the fiber bundle.

We have previously derived a general formulation to desgpiéssive linear coupling for an
arbitrary number of interacting fibers [20]. A directionalpler between two waveguides may
be succinctly characterized by the propagation consfant$or light remaining within a given
fiber through the coupling region and the propagation conste;> and k21 describing the
perturbation of light entering from the other fiber. For a syetric coupler with3; = 3, =
andki2 = K3, = K (a real constant in a loss-less coupler), the coupling m&tmay be written
as

o cos(kd) jsin(kd)
S_emd( jsin(kd) cos(kd) ) (3)

In this form it is clear that the light sloshes back-and+idhirough the coupling region as a
function of the interaction length. While it is difficult tocperimentally determine the overall
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phasefd acquired in the coupler, one may easily charactexideoy measuring how power
entering from one fiber distributes to the two output fibere. &nsider 5050 power splitters
in this study, which requiresd to be an odd multiple off. Any odd multiple may be used in
the simulations, as other choices only differ by an ovettadige shift that may be absorbed into

Bd.

3. Coherent beam combination

Inphase combination of light from two coupled fiber lasen@ats out of a single output facet
was first reported by Lyndiet al. in 1994 [7]. Since then a number of research groups have
observed this phenomenon using a variety of coupling cordigans. Kozlovet al. enforced
coherent addition between two lasers by forming a commoputifacet from one half of a
directional coupler [8]. A majority of investigations habeen performed, however, using a
setup similar to the one in Fig. 1. A common output facet isgeld by detuning the amount of
loss incurred at the two output facets. More recent studige hown high addition efficiencies
of four, five, and even eight lasers using a hierarchicalimgstf 2x2 couplers [10, 13,22].

In this section we compare predictions of the iterative maygeh, Eqgs. (1,2), with three
features of coherent combining observed in experimengdilzagions of this system. The first
step is to set the model parameters (see Table 1).

Table 1. Parameter values used for simulations of two coupkers. The operating condi-
tions are estimated from an empirical characterizatiomisfsystem found in Ref. [9].

Parameter Description Value Units
T round-trip time 162 ns
T fluorescence time 10 ms
£ ratio of round-trip to fluorescence time .6B2x 107> dimensionless
Giot total linear gain P?1 dimensionless
M output facet reflection coefficient varies dimensionless
WE pumping at laser threshold varies st
X pumping relative to lasing threshold varies dimensionless
I,E,?P’SM saturation intensity varies dimensionless

3.1. Model parameters

The experimental investigations we consider were perfdrimetwo research groups using
comparable setups of two fiber lasers linked by a single timeal coupler. As each setup uses
the same active medium with large cavity lengths, we draarinfition supplied by one of them
to set the model parameters for all comparisons. In the éxpats of Simpsowt al. [9], two
high-gain erbium-doped fibers were joined with /50 coupler and capped on the one end
with high-reflecting fiber Bragg gratings. The lengths oftive fiber arms containing the gain
elements were approximately bdibut were not identical. One of the two coupler outputs was
flat-cleaved providing a reflection of 4% of the intensity batto the cavity while the other
was angle-cleaved to minimize any back reflection. Eachuddiiper had a length of roughly
2m.

With a reported single pass gain of 4B in each active gain medium, the total linear
gain parameter may be estimated@g = 9.21 [9]. The round-trip time of the each cav-
ity T = 1632 nsis computed using an index of refraction ab3 and total length of 1én.
Taking a fluorescence time af= 10 ms for each erbium-doped fiber yields an estimate of
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£ =1.632x 10°°. As discussed in the previous section the coupling parasetest be se-
lected to produce the power splitting effects of @50 directional coupler. Consequently we
choosex = 0.001 um! andd = 133517646 um. Additionally, we sef3 = 8 um~1 although
this propagation constant is shared by light from both ks@d its value does not affect the
output of the system.

A vast majority of the losses occur at the output facets, edfitid reflection coefficients
are set to be; = 0.20 for the flat-cleaved output facet and= 0 for the laser with the angle-
cleave. In this setup the value @R does not affect the system since no light is reflected from
the angle-cleaved port. Similarly the value@:f does not alter the dynamics because this phase
shift is the same for light entering from both gain arms. 8iwe are free to choose these angles
we setqolR = (&R = 0. In conrast, the choice of the phase shifts obtained durargsit through
the two gain arms is important. In particular, tretative phase shift Agt = ¢F — ¢ affects
the partitioning of light emitted from the two output pontsthe steady state. It is important to
note that the relative phase shift does not assign the tias&mn characteristics of a particular
output port. The fraction emitted from each output port &téad influenced by the imbalance
of the facet reflection coefficients. We observe th@t must be equal to an odd multiple af
to achieve emission from only one output facet so wegset mandg} = 0.

In the following comparisons, the experimental and simadatutputs of the coupled laser
system are evaluated relative to the output of a single lasenber. The single laser intensity
generated from model computations is matched via assignofdgy to the corresponding
single laser experimental measurements over the invéstigange of input pumping. The
value of W} . is taken to be the same for both lasers, but its value depemtiseoparticular
experimental investigation being simulated. Specificalhye investigation reports single laser
results of an individual (uncoupled) laser while the othegarts results when one laser in
the coupled array is pumped. With matched single lasertsedhk experimental and predicted
outputs of the coupled system can then be quantitativel\ypewed under a variety of pump rates
and operating conditions. This method of evaluation altmal access to metrics commonly
used to assess the overall performance of coherently ceul@ser systems. One metric we
will use is the addition efficiency, an estimation of the fiaw of light emitted from each output
port compared to the sum of the outputs of the uncoupleddaser

(Itis also necessary to make comparisons in this manneubedhe experimental measure-
ments are reported in terms of emitted powers or voltages fitetection equipment. Since
efficiencies of the pump or detection electronics are natrmgiwe cannot directly calibrate the
output of our model with the recorded experimental results.

3.2. Power extraction

We first examine coherent combining in a symmetrically puthpeay of two lasers. Fig-
ure 2(a) depicts experimental power extraction measurenpeEnformed by Shirakawet al.
for increasing levels of the pump [23]. For reference th&ldoie plots the power output char-
acteristics of a single fiber laser detached from the cowgltéra flat-cleaved output facet. The
pumping is reported relative to lasing threshold of the lgitgser and the intensity is divided
by the average intensity of the laser measured at a pump ghhgetimes the lasing threshold.
In the case of two coupled lasers, the power extracted fr@nvilo output ports is displayed
by the circles in Fig. 2(a). The filled circles represent therage intensity emanating from
the flat-cleaved output facet associated with the first Jagkile the open circles depict the
average intensity from the very high-loss angle-cleaveguufacet of the second laser. We
see that almost all light emits from the flat-cleaved outjaet with the lowest losses, and
no light is observed from the angle-cleaved output facemg@arison with the individual laser
extraction shows that, although both have the same lasieghhbld, the slope efficiency of the
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Fig. 2. Power output characteristics for individual and tweaoipled lasers with imbalanced
losses at the output facets. The solid line represents thege intensity produced by a
single laser removed from the array. The filled (open) circépresent the average intensity
output from the low (high) loss output facet for two couplet aymmetrically pumped
lasers. (a) Experiment using two coupled erbium-doped féers [23]. (b) Simulation
using iterative map model. For (a) and (b) the pumping isrtakéative to lasing threshold
for a single, uncoupled laser. The intensity axis in eactepartaken relative t EXP"S'M,

the respective single laser intensity at 50 times the lasirgshold.

symmetrically pumped lasers is nearly twice that of thelsiteser demonstrating a 93% com-
bining efficiency [10]. The results of Fig. 2(a) are in agresrrwith other experimental power
extraction curves showing combining efficiencies up to 994,

The power extraction predicted from model computationdh@as in Fig. 2(b). The solid
line in this figure represents the average intensity obtkioea single uncoupled laser. Similar
to the presentation of the experimental data in Fig. 2(&) pibmp is shown relative to pump
threshold and the intensity is taken relative to emissidsOatmes the lasing threshold. Model
simulations indicate thaMﬁ,n =1.4235 andJM = 47345 for an individual laser. The circles
in Fig. 2(b) plot the predicted outputs of the modeled arféde filled (open) circles represent
the average intensity emitting from the output port with éothigher) losses. In the simulation
emission from the flat-cleaved port completely dominatestitput with an addition efficiency
of 100%.

It is worthwhile to point out that efficient coherent beam donation is observed in the
model computations regardless of the time-resolved iitiedgnamics predicted for the sys-
tem. In particular, for both coupled and uncoupled lasarsssion in the cw state is observed
only at pump strengths in the range<Ix < 1.1255 above threshold. The intensity and gain
dynamics exhibit self-pulsing at higher relative pump satks the pump is further increased
the height and frequency of the pulses rise linearly whitewlidth of an individual pulse de-
creases. Although not all fiber laser systems suffer froms#i&pulsing instability, it most
often appears at pump levels near threshold in high-gain ffisers operated with heavy cav-
ity losses [24, 25, 26]. However, the underlying dynamitatesdoes not affect time-averaged
extraction curves from single or coupled lasers becaustrtteeaveraged intensity of a pulse
train is identical to the value of the unstable cw state avargpump rate [21].
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3.3. Detuning of the pump sources

In the previous section the lasers were operated in a syriwaldashion, including equal levels
of pumping applied to each fiber arm. We now examine what hagppben there is a mismatch
in the individual pump strengths. For comparison in Fig.) 3(a reproduce the data shown in
Fig. 4 of Ref. [9], an experimental realization of two extians where one laser is fixed to a
particular pump value and the pump strength of the secored iagletuned around the fixed
value.

The first extraction measurement involves setting the punepgth of the first laser to zero
and increasing the pump strength of the second laser. Thitlisa in Fig. 3(a) plots the time-
averaged output obtained from the flat- and angle-cleavgaibports. In this case the intensity
emitted from each output portis the same at all pump levetedight amplified in a single gain
arm is split evenly in the 500 coupler. This extraction serves as a reference for thaubof
a single laser, although this component laser incurs maesekthan an individual (uncoupled)
laser due to the presence of the coupler in the laser caniyplimp strength is reported here
relative to the observed lasing threshold and the intersiigken relative to the emission from
one of the output ports when the component laser is pumpedcs the lasing threshold.

For the second experimental extraction measurement, i jgtrength of the first laser is
set to 152 times the lasing threshold of the component extractiowecand the second laser
is tuned from 0 to 2 times lasing threshold. In Fig. 3(a) the filled circles emEnt time-
averaged emission from the flat-cleaved output facet whéeopen circles depict the intensity
from the angle-cleave of the second laser. When the seceadgamp is less than®times the
component lasing threshold, the two output facets emit@kgtensity levels. At higher pump
strengths the flat-cleaved light output is seen to incréasaily while the angle-cleaved output
tends toward zero. After the pump of the second laser isaaibeve the fixed pump level of
the first laser, the intensity emerging from the angle-aéeawtput is observed to increase.

Figure 3(b) shows the corresponding extraction curves vadifom simulations of Egs. (1,2).
As in the experiment, we first fix the pump of one laser to zerbsaaeep the second laser pump
until about twice the observed lasing threshold. The sitraria similarly predict an equal level
of emission from the flat- and angle-cleaved output ports tve range of the second laser
pump. This sweep yields the assignmer\l\{ﬂfn =1.6667 andIM = 14483 for the component
laser. All other model parameters remain as before. Thd ok in Fig. 3(b) plots the scaled
simulated extraction.

The second power extraction is computed by setting the purtipedirst laser to 552 times
the component lasing threshold and sweeping the pump okttensl laser. The relative pump
rate of the first laser is high enough that the intensity dyinamre in the pulsing regime for all
investigated pump levels of the second laser. The filledesrim Fig. 3(b) represent emission
from the output port terminated by a flat-cleave and the ojy@hes show the intensity from
the angle-cleave. It is immediately clear that the intgrfsiim the angle-cleaved port follows a
trend similar to the experimental measurement. A minimuhig output is realized when the
two laser pumps are identical.

The emergence of light from the angle-cleaved output pdHigextraction can be explained
by a linear analysis of interference in the/50 coupler [12]. When light from back-reflection
off the output port splits equally into the two gain sectiotie intensities are magnified by
different amounts. Following amplification, the contrafdt® imbalanced intensities reentering
the coupler towards the output reflector results in incotepiiestructive interference into the
angle-cleaved output port.

It is apparent in Fig. 3 that the simulated extraction dertratess a higher degree of coher-
ent combining than the experimentally reported extracsiball considered pump levels. The
inefficient beam combining observed in the experiment is Wu@ternal losses of light not
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Fig. 3. Average intensity output for two coupled lasers vrthalanced losses at the output
facets and asymmetrical diode pumping levels. The solig iiineach panel plots the ex-
traction emitted from both the lower- and higher-loss pattgn only one component laser
is pumped. The circles plot the extraction when the firstrléséxed at 152 times lasing
threshold while the second is swept from O t8 #imes lasing threshold. In each plot the
filled (open) circles represent the average intensity @onssom the lower (higher) loss
output facet of the two lasers. (a) Reproduction of expenialedata from Fig. 4(a),(b) of
Ref. [9]. (b) Simulation using our iterative map model. Fay&nd (b) the pumping is taken
relative to lasing threshold where only one component laséne array is pumped. The
intensity axis in each panel is taken relative to the resgesingle laser intensity at twice
the component lasing threshold.

considered in the model [9] as well as non-ideal interfeeasfche light at the coupler. An ad-
ditional discrepancy in the extractions is the sub-thrétalue of the relative pump rate where
the average intensity emitting from the two output portsietp split. The split in the output
power from each facet results from interference in the dagpkgion of light entering in from
the two laser arms. In the simulation this occurs .&ttimes the component lasing threshold,
a much lower value than the experimentally observed levak difference arises because the
model equations do not account for mechanisms in the unateppd laser that extinguish light
entering from the other laser. Contributing factors inelgglound-level absorption and ineffi-
ciencies in pump absorption due to the presence of the lggercloupled in from the pumped
cavity.

3.4. Detuning of the output facet losses

So far we have investigated a special case of imbalanceedasshe two output facets. Namely,
there is only a single output facet providing feedback ditligp the two cavities; the other port
is angle-cleaved so that effectively all approaching lightransmitted out of the system. In
essence this is a single compound-cavity laser with a slargulit facet and it is unclear that
the two lasers in the model need be viewed as two separatebplied oscillators.

On the other hand, a recent experimental investigation ofd@upled erbium-doped fiber
lasers demonstrated that coherent addition of light fronmgle output port is a general phe-
nomenon which emerges even when the field reflection coeffg@ the two output ports are
only slightly different [10]. This laser array is identic@ the one considered in Section 3.2
except the two output facets exhibit only slightly diffeteavity losses. At a fixed level of
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Fig. 4. (a)-(c) Plot of average intensity output as a functd the applied losses at the
output facet of the first laser. The losses of the second &se®% higher than the losses
of the first laser without applied losses. The filled (openjles show the average intensity
measured from the first (second) laser. Data shown for (agreémpnt [reproduction of
Fig. 4 from Ref. [10]] (b) simulation without noise (c) sinatilon with noise. (d) Intensity
time trace from simulation with noise for applied loss leg€l8%. The thin (thick) line
plots pulses from first (second) laser. Valued@fp's'\" represent the experimental and
simulated single laser intensity at 50 times the lasingsthok.

identical pumping in each constituent laser, the losselsd@ridwer-loss output arm were grad-
ually increased until the total loss in this fiber port exaskthose of the other output facet.
The observed average intensity from each output facet dagied in Fig. 4(a) as the applied
loss in the lower-loss arm (filled circles) is increased fi@¥h to 20%. The losses in the second
fiber port (open circles) are fixed at a level of 9% higher thenlower-loss fiber port without
applied loss. For a large detuning between the losses iubatms, the entirety of the emitted
light was seen to reside in the output port with the lowestlle¥ loss. Close to the transition
point at 9% applied loss, the power measurements were uastat light emerged from both
output facets.

To replicate this experiment, we use the same model parasngtein Section 3.2 except
that we now use one of the reflection coefficients as a conamalpeter. In particular, we leave
r1 = 0.2 for the flat-cleaved output face and nowiset 0.1908 to produce a 9% greater loss of
intensity at the output face. Since the reflection coefficidithe second laser is now nonzero,
the assignment off} is no longer trivial. Nevertheless, whép- = 1t the choice ofgf} and
@R does not affect the outcome of the simulations. We agairirartly setgR = ¢} = 0. The
simulated pump level is set to &times the lasing threshold for an individual (uncoupled)
laser to match the average intensity measured in the exgetit this pumping the intensity
dynamics of the model exhibit irregular self-pulsations.

In Fig. 4(b) we plot the simulation results asis decreased from.Rto 0.179, representing a
20% increase in the losses from this output port. The fillga (9 circles represent the intensity
emitted from the output facet of the first (second) laser.r&hig excellent agreement with
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Fig. 4(a), and a sharp transition in the emission charatiesioccurs once the losses in the
first laser are greater than 9%. When the losses between thiasers differ by less than 1%,
the transients of the intensity in the simulations are venglbut eventually the system settles
down to emission from just one output port.

The unstable emission characteristics experimentallgmesl in the transition region may
be captured by the addition of a small amount of Langevinenmishe electric field map Eq. (2).
Figure 4(c) plots the average intensity measured from eatgubfacet for a noise amplitude of
0.02. The addition of noise provides a smoothing effect in thadition region and one output
facet is no longer completely dominant. In Fig. 4(d) we shosinaulated intensity time series
for an applied loss of 8%. The thin (thick) line denotes thernsity from the first (second) laser.
The first laser emits a majority of the system output. Thetlfgbm the second laser behaves
more erratically and the pulses occasionally reach higftensities than those emitting from
the first laser.

4. Discussion: static vs. dynamic per spectives

The coherent addition of lasers observed in these kinds péraxents is traditionally inter-
preted within a static framework of coupled optical wavelgsi without any regard to the am-
plification of the light in the gain medium. The stripped-dowaoupled cavity is then treated
as a single entity, and the resulting eigenmodes of the rmystemetimes called supermodes,
are then analyzed as the basis to describe the observed ignanthe laser. It is typically
postulated that the lowest loss supermode will “win” by egireg as the stable state, although
growth or decay of individual eigenmodes are rarely quanttifi

For example, when two coupled lasers are identical excemrfambalance in the output
facet reflection coefficients, it is intuitive that losses d#e minimized if all of the light is
funneled to the output port with the higher reflectivity. Wiibe cavity conditions are specified
such that the light propagating back-and-forth throughwee(now passive) gain arms capped
with 100% reflectors pick up a relative phase shiftmthen two constructive supermodes result
which funnel light to either one or the other output port [1Dhe supermode associated with
the lower-loss output port retains more light each rouifgland consequently will be selected
by the laser system. In fact, this supermode will be globsdliected over other supermodes
formed from other cavity configurations where the relatirage shift in the gain arms is not
equal torr, since for these non-optimal relative phase shifts ligtitiwvariably be funneled to
the higher-loss port.

The current description offers an alternative to this stprspective. We have shown that
including gain as a dynamical variable and treating eacérlas a separate oscillator does
equally well at predicting the experimentally observedawdr in the linear (cw) regime. Pref-
erential emission from the lowest-loss output port is adimnsequence of the dynamical
interplay between the gain elements and the imbalancedd@dshe output facets. In addition
the dynamical model also extends correct predictions fgohe threshold and even into the
pulsing regime. Indeed, the coupling between the two laserds to align the pulse bursts of
the individual lasers so that constructive interferen@elsieved in the coupler at all times.

Itis natural to ask about the robustness of the theory wipeet to inevitable imperfections,
for example in the coupler. We tested this by repeating athefsimulations using a 49/51
coupler; in all cases the new numerical data lie extremagecto the old. Roughly speaking,
the effects appear to vary as the square of the mismatch fegB05coupling: for example, in
the extraction plot shown in Fig. 2 the amount exiting frora #ngle cleave is less tharll®o
of the light of the individual laser (no light exits the angleave in the 5050 coupler).

Although this model reveals a mechanism for selecting whittine two output ports (su-
permodes) receives a larger share of the light, it does maiexin a fundamental sense the
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relative amount of light emitted from each. This partitieqidepends only on the value ",

a manually set parameter in this model, and we have fix@d = 1 to simulate the nearly
complete beam-combining observed experimentally. Evengh multiple thousands of longi-
tudinal modes may potentially oscillate in a fiber lasery@wdme of these are characterized
by this value ofAg". A direction of future research would be the extension a$ thiodel to

a multimode framework allowing simultaneous oscillatidmmdes characterized by different
Ag-. Competition among these modes may shed light on the dyahsgtection of frequen-
cies associated with this optimal relative phase shift. ifialdally, from this groundwork the
influence of optical nonlinearities relevant at higher pmysuch as stimulated Brillion scat-
tering and stimulated Raman scattering, may be directlgsassl by appropriate extensions of
the model. These observations demonstrate the importdaatymamical model in developing
an understanding of organized behavior in coupled lasees\s
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