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Fast intracavity polarization dynamics of an erbium-doped fiber ring laser:
Inclusion of stochastic effects
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The dynamics of a unidirectional erbium-doped fiber laser is investigated on a time scale short enough to
observe, with good resolution, its behavior for individual round-trips in the laser cavity. With an intracavity
polarization controller, a rich variety of nonlinear phenomena, ranging from self-pulsing to square-wave
antiphase patterns in two orthogonal states of polarization, are observed. These patterns evolve continuously in
time. A stochastic delay-differential equation model is proposed to describe this system. Numerical simulations
show that this model satisfactorily accounts for all types of qualitative behavior and reveal that the inclusion of
spontaneous-emission noise is hecessary to reproduce the observed continuous pattern evolution. Two differ-
ent, typical types of nonlinear dynamical states are found both numerically and experimentally: a deterministic,
low-dimensional regime and a noise-driven high-dimensional mof®h050-29477)01403-0

PACS numbes): 42.65.5f, 42.8%-i

I. INTRODUCTION modes associated with two different polarization eigenstates
of the field. Another dynamical feature that is usually ob-
The idea of doping glass to obtain amplifying optical fi- served in experiments is self-pulsifg], which has recently
bers is very attractive from both a technological and a funbeen related to an absorption effect due to interaction be-
damental point of view. Technologically, fiber amplifiers aretween dopant ion$5]. All the previous experiments have
very promising useful devices in all-optical telecommunica-b€en done in the millisecond to microsecond time scale,
tion schemes, through their use to replace repeaters in fibefthich corresponds to the relaxation-oscillation frequency of
optic transmission lines, for instance. When these material§'® 1aser. But this system, due to its large cavity length and
are complemented with a cavity resonator and a pumpinggrs ang round.-tnp tlme,.g_lves us a unique chance to ob-
scheme, laser emission can be obtained. Such systems ve its dy”a”?'cs for individual rot_Jnd_-trlps lnslde the cav-
used for the generation of ultrashort pulses and solitons. ity. This work aims at the characterization of this fast polar-

Besides their evident practical applications, fiber Iaserézat'on dynamics in _the regimes prevllously mentpned. .
We report experimental observations of the intracavity

are very interesting from a basic physics perspective. Th%ynamics of an erbium-doped fiber laser. A polarization-

conjunction of the inherent nonlinear character of both thecontrolling device has been included in the cavity and, as a

optical fiber and the I'ght_ ampllflf:ann. Process make§ th'sresult, a fast polarization-switching effect, on a time scale of
type of laser specially suited for investigations of nonlinearye orger of nanoseconds, has been observed. This kind of
dynamics in optical systems. Furthermorg, because of thgfrect is known to occur in semiconductor lasg8 when a
amorphous character of the glass host, fiber lasers are thgyye plate is inserted in the laser cavity. Recently, optical
ideal counterpart of the more extended and well-knowrteedback has been found to induce this effect also in Nd-
doped-crystal solid-state lasers. doped fiber laserf7], but on a much slower time scafen
Due to the optical-guiding characteristics of their ampli-the order of microseconfisA model is proposed to explain
fying medium, fiber lasers can have cavity lengths of thethe behavior observed. Most models used so far in doped-
order of tens of meters, orders of magnitude higher than itfiber lasers to account for antiphdsd, self-pulsing[3], and
most other lasers. This fact, along with the broad gain profilgyolarization-switching 7] behavior are based on semiclassi-
of doped fibers, ensures that a large number of longitudinatal rate equations for each of the two polarization super-
modes experience gain and coexist inside the cavity, couplegiodes, which are coupled to one another through cross satu-
through gain sharing. Hence fiber lasers usually operate in mation and gain sharing. In some cases, the need of explicitly
strongly multimode regime. The dynamics of multimode la-taking into account the dependence of the system variables
sers is very rich, including antiphase behavior and selfon the propagation direction has been stre$8¢dThis con-
organized collective oscillatiorfd]. Previous experiments in  sideration, which is, in general, advisable in this system due
fiber laserg2,3] have shown this kind of phenomenon in the to its long cavity, is in our case unavoidable given the time
dynamics of two orthogonal states of polarization, whichscale in which the observations are made. Following Loh and
suggest a description of this system in terms of two superTang [8,9] in their modeling of fast polarization self-
modulation in semiconductor lasers, we develop a delay-
differential equation model that accounts for all kinds of fea-

* Permanent address: Departament dgcBii Enginyeria Nuclear, tures observed. The inclusion of spontaneous-emission noise
Escola Tenica Superior d’Enginyers Industrials de Terrassa, Uni-is seen to be necessary to obtain a more complete agreement.
versitat Politenica de Catalunya, Colom 11, E-08222 Terrassalndeed, the importance of spontaneous emission in the dy-
Spain. namics of guided lasers is a well-established fa¢tFinally,
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/ Er-doped fiber In order to modify the polarization state of the light trav-
1gon ion pump laser . ) ) ! i N X
l eling inside the fiber, a polarization controller is used. Polar-
~N o,,‘ ization controllers produce a phase shift by introducing a
. g Wavelength 150},
5X Microscop; Division  index matching fluid or

local birefringence into a portion of the fiber. This is accom-
plished by winding the fiber around mandrels of the proper
diameter. It is very important to correctly choose both the
diameter of the mandrels and the number of turns of the fiber
around them: if the diameter is too small, the bending loss of
the device becomes too high; too few turns would undesir-
ably reduce the phase shift. We found that, for wavelengths
index matching fluid of the circulating light, a diameter of 38 mm and three turns

Objective Multiplexer

Output Coupler

of fiber around each mandrel was a good choice to produce a
Poinier 12 Rinr | Opjenve T small loss and a retardation effect similar to that of a half-
Wave
Digital Oscilloscope Plate wave pla’te
FIG. 1. Experimental setup. B. Characterization of the system

in order to simplify the modeling of the system, a ring-cavity A measurement of the total output power as a function of
configuration is used. Preliminary results of this investiga-pumping is the first standard procedure used to characterize
tion have been reported elsewh¢t@]. this laser system. Such a procedure shows that the lasing
The outline of the paper is the following. Section Il con- threshold is~150 mW. When the the output light is sepa-
tains a description of the experimental apparatus and a reparated into its two orthogonal polarization components, one
of the behavior observed. Section Ill establishes a theoreticalan see that the two states have slightly different thresholds
model that reproduces this behavior, as shown by numericalnd very different output vs pump slopes in the lasing re-
simulations. Finally, some conclusions and comments argime. This is a first indication of the well-known two-mode-

made in Sec. IV. like behavior of doped-fiber lase[&,3]. By suitably modi-
fying the state of the polarization controller, it is possible to
Il. EXPERIMENTAL FEATURES separate the two main groups of modes that are amplified

inside the cavity. The optical spectra in two orthogonal po-
larization directions, as obtained from an optical spectrum
Several wavelengths can be used to optically pump amnalyzer, show that the two mode groups are indeed orthogo-
erbium-doped fiber amplifier in order to obtain laser emis-nal and linearly polarized, with spectral peaks centered
sion. In our case the pump wavelength is fixed at 514.5 nnaround~1.560 52 um and~1.561 05 wm, respectively.
and is provided by an Af-ion laser. Under these conditions, ~ The behavior of output vs pump power in the lasing re-
the lasing frequency lies in the near infrared, at 1681 gime is observed to be linear, which is a characteristic of
The experimental setup is shown in Fig. 1. The amplifyingmost lasers. Nevertheless, at high pump powers, an increase
medium is a 6-m-long erbium-doped fiber, with an ion con-of output power fluctuations occurs while making the mea-
centration of approximately 240 pprcorresponding to surements. In order to quantify this effect, one can measure
4.98x 107 ions/m?). The total cavity length is made to be the standard deviation of these fluctuations as a function of
20 m long with the addition of 14 m of passive optical fiber. the mean light intensity and pump power. The results are
The fiber is closed on itself in order to form a ring cavity. To shown in Fig. 2 for the case of 10% output coupling. For the
ensure unidirectional operation, an optical isolator is placedake of clarity, we should remark at this point that the pump
inside the cavity. The optical isolator is based on the Faradapower that appears in this figure is just the recorded output of
effect and is polarization insensitive. The pump light comingthe pump laser; it does not correspond exactly to the actual
from the argon laser is launched into the ring fiber through gower that is being injected into the fiber laser, due to the
wavelength division multiplexefWDM), while an output imperfect launching of pump light into the cavity through the
coupler removes part of the light that circulates inside theVDM. In any case, an analysis of this figure reveals a steady
cavity. In both cases, fiber ends were placed in an indexincrease of the fluctuations as both pump level and output
matching fluid to prevent possible parasitic Fresnel reflecpower are raised. This phenomenon is rather unexpected; in
tions, as shown in Fig. 1. Two different output couplers havemost single mode lasers, fluctuations produced by spontane-
been used, with coupling ratios 90/100%) and 97/3(3%),  ous emission are independent of pump level once lasing has
respectively. A 5 microscope objective is used to optimize been achieved. This is so because the spontaneous-emission
the coupling of the pump light into the input port of the rate is proportional to the population inversion in the ampli-
WDM. The output emission is passed through a 10% transfying medium, and this is constant beyond threshold, as can
mission neutral densityND) filter and a half-wave plate to a be seen from any rate-equation modi&L]. In multimode
polarization beam splitter, which separates the light into itdasers, these fluctuations may be deterministic and originate
two orthogonal polarization components. These componentis the nonlinear dynamics of modes coupled through sharing
are measured with two high-speed photodetectors connected the population inversion.
to the two input channels of a fast digital oscilloscope with a We can calculate the number of modes inside the cavity
1-GHz sampling rate. This setup allows us to measure thby measuring the optical spectrum of the output light. The
intensity with 100 data points per cavity round-trip. ratio of its full width at half maximum to the free spectral

A. Experimental setup
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FIG. 2. Standard deviation of the output intensity fluctuations vs
the mean output level and pump power. Two different sample times
(shown in the legendhave been used. The pump power shown in
the lower figure does not correspond to the power that is actually
injected into the fiber.

range of the cavitflongitudinal mode spacinggives us an
estimate of this quantity. We observe a pronounced spectral
narrowing and a corresponding sharp decrease in the number
of modes(from ~3x 10 to ~2x 10%) as the lasing thresh-

old is crossed. Note, however, that even in the lasing regime
the number of amplified modes is very large. This fact shows
the strongly multimode character of fiber lasers.

C. Dynamical behavior

1. Self-pulsing
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A characteristic time trace of the total output intensity Polarization directions are shown in each case.

extracted by the output coupler in the higher loss case
(10% coupling is shown in Fig. 3 for a pump rate well

1000

FIG. 4. Two different polarization-resolved time traces. Both

One can now resolve the output in terms of its orthogonal

above threshold. Self-pulsing is observed with a periodicitylinear polarization components. These components, although
of ~100 ns. This corresponds to the cavity round-trip time ofcoupled, may exhibit very different dynamics. Figure)4

our system, which is estimated b&, whereL =20 m is the
cavity length andv=c/n is the speed of light in the fiber.
The index of refraction of erbium-doped fiberns-1.46.

shows quasiperiodic behavior in one polarization direction
and random evolution in the other, also for 10% output cou-
pling. In other experimental situations, one can observe dif-
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ferent quasiperiodic evolution in the two modes. Figufie) 4
corresponds to a case with period-1 behavior in one direction
and period-7 in the other. The 3% output coupler has been
used in this case.

2. Influence of the polarization controller

Another way of establishing the distinct character of the
polarization-resolved intensity time traces compared to those
of the total output intensity is through their power spectrum.

In the latter case, a typical spectrum shows peaks separated
by the fundamental cavity frequency of 9.8 MHz. However,
when the signal used comes from a single polarization direc-
tion, sideband peaks appear between the main ones. These
sidebands can be tuned by manipulating the polarization con-
troller and eventually can be made to overlap. When this
happens and losses are small eno(igh, the light intensity

FIG. 3. Total output intensity time trace showing self-pulsing inside the cavity is high enoughthe pulsed behavior disap-

with 10% output coupler. The pump power is 400 mW.

pears and square pulses develop in the output intensity of the
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D. Nonlinear analysis

= or We have observed so far that this system has a wide va-
g“-s riety of nonlinear attractors: regular or irregular temporal
£ 06 patterns in which the dynamics are trapped. Which specific
204l attractor occurs depends on many factors: the state of the
§ o2 | 1 polarization controller, the pump power, the output losses,
etc. We are now interested in dynamical characteristics of
o1 these attractors.
T os The state space of a dynamical system can be recon-
3 structed from the information obtained through a scalar mea-
£ 06 suremenfthe intensity of one of the polarization eigenstates,
% 04| for instance by means of time-delay vectof&2]. If we de-
2 note asx(n)=x(tp+nA) a scalar set of measurements
00 ‘ ‘ ‘ ‘ sampled at equally spaced time intervals one can con-
0.0 2000 4000 6000  800.0  1000.0 structd-dimensional vectors

time (ns)
n)=X(n),x(n+T), ... x(n+[d—1]T)). 1
FIG. 5. Antiphase square pulsing in the two orthogonal polar- y(m = e, x( ) (n+{ 1m) @
iZatiOIn Cpmponents of the OUtpUt ||ght for a.giVen Setting of theThe evolution of these time_de|ayed vectors in state space
polarlzatlon controller and a 3% output coupling. The pump powergescribes an attractor. There exists a minimum valuk fof
s 600 mW. this attractor to properly represent the dynamical behavior of

o . - . .the system. This value is called teenbedding dimensioof
orthogonal polarization states. This behavior is antiphase ithe system. Both the embedding dimension and the time lag

the two states and is perio_dic atthe cavity round-trip time, 83 have to be chosen carefully if one wants this state space
shown in Fig. 5. The requirement that losses have to be low

for this effect to occur is reflected in the fact that Squarereconstruc_'uon to be really useful. .
To obtain a reasonable value of the time delayne has

0 ;
pulses are observed when the 3% output coupler is used, bH)t reach a compromise between the high correlation between

not in the 10% case. It is also worth noting that the time ector components that would ariseTifis chosen too small
durations of the plateaus correspond to the lengths of thEx(nJriT) and x(n+(i—1)T) would be nearly identical

active and passive part of the fiber. In other words, the 70_nand their statistical independenceTifis too large. All these

upper part of the pulse in theg-polarization trace of Fig. 5 . ) e
corresponds to the 14 m of passive fiber, whereas the 30_r§gat_ures are_reflec_ted in the S0 callpebrage m“t“?' infor
mation functionwhich can be interpreted as a nonlinear cor-

lower part is related to 86 m ofactive erbium-doped fiber. trelation function between the time series(n) and

A threshold pump power is typically observed for the onse ; . A
of square pulsing. For the measurements shown, squa?‘én’LAt) as a function of the time lagt. Its definition is

pulses formed at a pump power2.2 times above threshold. N

In addition to square pulses, othe( antipha;e pylse patterns M(At)= E P(s(n),s(n+At))
have been observed. One of them is shown in Fig. 6. A final n=1

remark on this behavior is that the irregular intensity patterns
superimposed on the plateaus of the square waves evolve log P(s(n),s(n+Ab))
continuously and slowly in time. ?[P(s(n)P(s(n+At)) |’

@

where P(s(n)) is the probability density of the process
s(n) and P(s(n),s(n+At)) is the joint probability of the

400.0

300.0 two time-shifted series. A high value of this function repre-
z sents a high correlation between the series and a low value
g 200.0 corresponds to a high degree of independence. A suitable
3 value of T will be intermediate between these two regimes.
100.0 | A reasonable prescription that is frequently u$&d] is to

x polarization

chooseT as the first minimum oM (At).

We can compute the average mutual information function
(2) for the time series measurements obtained from our ex-
300.0 periment. A typical result is shown in Fig. 7, corresponding
to the intensity for a single polarization direction. The behav-
ior is roughly the same for the other polarization direction
100.0 and for the total output and also for the other different dy-
¥ polaization namical regimes investigated. The results suggest that an ad-
990 1000 2000 2000 2000 500.0 equate value for the time delay Ts=3.

TIME (ns) Once the time delay has been chosen, one needs to deter-
mine the embedding dimension. To do so, we use a method

FIG. 6. Another antiphase pattern observed. Here the pumproposed in Ref[14]. This procedure determines the mini-
power is here 700 mW. mum useful embedding dimension as that for which the per-

0.0
400.0

200.0

Voltage (mV)
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FIG. 7. Self-pulsing time series for the intensity output in one of S 4000
the polarization directions and its corresponding average mutual £
. . . . . o
information function. The pulse separation isg2and the pump 5
power is 1000 mW. § 2000 ¢
:
. . =]
centage offalse nearest neighboré-NNs) in the attractor 5 o0 ! ! ‘ ;
0.0 1000.0 2000.0 3000.0 4000.0 5000.0

drops to zero. Two points of the attractor are said to be FNNs

when they seem to be close only because the attractor is
embedded in a dimension that is too low, but they are actu-£ 00
ally separated from one another. They can be identified by § 800t
measuring the distance between them in two consecutive di-:
mensions. When this distance is very small in the lowest-
dimensional space and much larger in the highest-
dimensional space, the two points are FNNs. The procedure
consists of computing the percentage of FNNSs for increasing® %%, 20 40 6.0 8.0
dimensions. The embedding dimension is then determined as embedding dimension

that dimension for which this percentage drops to a very

small number. Figure 8 presents the result of this method for FIG. 8. Experimental time traces and the corresponding percent-
two different time series exhibiting very different dynamical age of false nearest neighbors vs dimension fof@hguasiperiodic
behaviors. Figure @) corresponds to a quasiperiodic low- case andb) nonperiodic case. The insets in the lower plots show a
dimensional regime with an embedding dimensiy=4.  zoom of the relevant regions of the graph.

Figure 8b), on the other hand, shows a nonperiodic time

series whose percentage of FNNs does not go to zero as thg be taken into account. This requirement is completely un-

embedding dimension increases. This indicates that the dygvoidable in our case since we are observing the dynamics
namics in this case is high dimensional and hence nois@ithin individual cavity round-trips.

driven. A similar coexistence of deterministic and stochastic (iii) The po|arization controller is acting as an imperfect

behavior in the same dynamical system has recently beefalf-wave plate that almost completely switches polariza-
observed in a Nd:YAG lasefwhere YAG denotes yttrium tions once every cavity round-trip.

time (ns)

%)

60.0 -

40.0 |

20.0 -

alse nearest neigh

aluminum garnetexhibiting deterministic chagsl5]. (iv) Only part of the total cavity length is active medium.
Hence this system has two different characteristic lengths
Ill. MODELING which are reflected in the experimental resultee Sec.

Il C 2) and must appear also in the theoretical model.
(v) Spontaneous-emission noise is known to have an im-
To develop a theoretical model that reproduces the obseportant influence on the behavior of guided lasers such as the
vations made so far, several important characteristics of thisne we are dealing with in this experimdg. It thus seems
system have to be taken into account. necessary to include it in any realistic model of fiber lasers.
(i) Even though many longitudinal modes are being am- The first three points in the previous list have already
plified inside the cavity, the dynamics of the system can bébeen faced by Loh and Tan®,9] in their description of
described in terms of two supermodes corresponding to twaltrafast polarization self-modulation in semiconductor la-
orthogonal polarization states of the emitted lig23,7]. sers. In this study, they developed a delay-differential equa-
(ii) A description in terms of two-level rate equations is tion model similar in approach to that used by lkeda and
not suitable because of the long cavity of fiber lag@ks  co-workers[16,17] to analyze instabilities in the absorption
Variations in the direction of propagation of laser light haveof light by a passive medium placed inside a ring cavity and

A. A delay-differential equation model
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by Otsuka and Iwamuri 8] to model the dynamics of semi- ral Gaussian and white stochastic processes that account for
conductor laser amplifiers. We will follow the spirit of Loh spontaneous emission. They have zero mean and correlation
and Tang’s study to derive a model for our system. given by

Let E{(t,2) and E(t,2z) be the complex field envelopes %0t i\ , ,
of the two polarization modes of the amplified radiation. The (ui(t.2)pj (U'.2'))= 2D;6; o(t1—-1") 8(z=2).  (6)
following set of equations can be derived for their time evo-  We are now going to map the spatial dependence of the
lution after adiabatically eliminating the polarization of the system into time by making use of the boundary conditions
medium from the corresponding Maxwell-Bloch equationsthat have to be fulfilled by the field§, and E, inside the
[8]: cavity. These boundary conditions are

JEq(t,z) 1 JE (t,z) a -
+ — = — —j — E t,o = _R el 1
97 0yt > (1—ia1)[N=Ng]E4(t,2) 1(t,0) oM

e
El t__,lA (e"p-l-l)
Ug

+ p(t,2), ©) +E, , (7)

| . .
t——P,IA)(e'*"—l)e"B
Ug

&Ez(t,z)+ 1 09E,(t,2)

a .
9z v, —7t(1_|a2)[N_No]Ez(t-Z)

1
E,(t,00= ERze'kzL

| .
El(t—v—Z,IA)(e"P—l)

+Iu‘2(tiz)l (4) |
IN(t,2) |E4? +E; t—v—P,lA)(e"“r e ' ®)
at :P_‘YH[N(t!Z)—i_Nt]_al[N(t!Z)_NO]ﬁw 9
! Herel 5 andlp are the lengths of the active and passive parts
|E,|? of the fiber, respectively, and=1,+1p is the total fiber
_aZ[N(t’Z)_NOJh_wZ' (5)  length. The reference frame is chosen in such a way that

z=0 corresponds to one end of the active fidgr.andR,

It can be seen that the two modes are coupled througfr€ the return coefficients of the output coupler for each one
N(t,z), the population inversion of the mediurh, is the of the modes. The parameter represents the phase shift
population inversion necessary for transparefiey, for zero caused by the polarization controller. In the perfect half-

gain and N, the density of erbium ions in the fiber. The Wave€ case ¢=) it can be seen that the previous boundary

quantity N, has to be taken into account because erbiumg:ondmons merely represent an exchange of polarizations ev-

: ery round-trip. We shall consider near, but not equal to, its
doped fiber, when pumped at 514.5 nm, behaves as a thre';ffnerfect half-wave value. Finally, the parameferepresents

Ie\{el med!um with incoherent pumpirld1]. a; apd & A€ e birefringence of the fiber, which causes different phase
gain coefficientsq; and a, represent the detuning between gpigs in the two polarization modes. These different phase
the corresponding mode frequeney and the resonance fre- ghifts are produced by the different velocities that the two
quency of the cavityog [a;=(wo—w;)/ 7y, , wherey, isthe  modes actually have when traveling through the fiber, which
decay rate of the polarization of the medilimg is the ve-  can be modeled satisfactorily by including the paramgter
locity of light in the medium(assumed equal for the two while keepingv, equal in both modef9].

mode$, andP is the pump rate. These parameters have been The previous boundary conditions can be used in combi-
defined in Ref[10]. z is the direction of propagation of the nation with an integration of Eq$3)—(5) with respect t@ to
light inside the cavityu(t,z) andu,(t,z) are spatiotempo- obtain the difference-differential modgd,19

1 r .
wl(t):ERlAl([¢1(t_TR)eX%?l(l_ial)[(ﬁ(t)_l])+7]1(t) (e'¥+1)
T ) )
X l/fz(t_TR)eXF<72(1_iaz)[¢(t)_1] + 72(1) (e"P—l)e'B], 9
1 I, . i
'ﬂz(t):§R2A2Hlﬁl(t—TR)eX!{7(1—|C¥1)[¢(t)—1] + 71(t) [(e'9—1)
r . )
X lﬂz(t_TR)eXF<72(1_iaz)[¢(t)—1])+7lz(t) (e"”+1)e_'ﬁ]. (10

d
O ()~ [t 1) (XL 1)~ 11}~ D)~ Re (7o) £1(1)]— ol — 7o) 2B T (1)~ 1]}~ 1)

—Re ¢ (t—7r) (1) ], (12)
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where new dimensionless variables have been defied. The simulations are performed as follows. Each cavity
and ¢, are related to the electric field envelopezat0, round-trip time is divided into equal-size time intervéts,
equivalently, the cavity is discretized in a number of equal
b= E;(t,0) 12 cells). The evolution of the fieldg, and, depends on their
itb= Rl v No values one round-trip earli¢Egs.(9) and(10)] and the total

inversion ¢ evolves according to the differential equation
and ¢ is the dimensionless total population inversion in the(ll?’ which is discr'etized in the'equal!y spaced Fime intervgls

active fiber defined aboveor in the one-dimensional spatial lattice in

’ which the cavity has been dividedSince in our case the
Ia cavity round-trip time is much smaller than the population
N(t—7r,2)dz. (13)  inversion decay time, the integration time steps resulting
0 from a not very dense cavity subdivision are small enough to
Time is now measured in units of L. g is the cavit ensure r_lumerical_ stability in_ the algorithm that integrqtgg the
Il - 'R Y differential equation. We will usually choose a subdivision

. . . . _1
rourld-trlp time, also measured in units ofy of the cavity in 100 parts and use a Heun algorittarsto-
(7r=L/vgy)). We have defined a dimensionless gain pa-hagtic version of a second-order Runge-Kutta schéaa
rameter and an effective pump rate as

to simulate that equation. The multiplicative noise terms are

Wi
()= =

(t—7r,la) 1 J
I ANg [ANg

= N treated according to a Stratonovich interpretation.
I''=al.N = __t 14 A distinction has to be made at this point between the
i—ajlaNg, Q N Na ( ) . . . . . .
YI™No 0 active and the passive fiber. Since the polarization controller

) - is located in the passive part of the cavity and the delay
A, and A are phase-shift coefficients that can be evaluategyiferential model maps time into space, the value of the
as[9] phase shifte will be close to only in the time instants
I corresponding to the passive part of the fiber. The rest of the
AizeikiL:eXF{iai —¢(0)— 1]}_ (15)  time ¢ will be near zerdnot exactly zero because any small
2 winding in the active fiber may also have a small phase-

) : . ) shifting effeci. Hence we will takee to be equal top,
An inspection of the delay-differential mod@)—(11) shows  (gmgaj) in the active region and tep (close to) in the
that the original spontaneous emission noise SOUrceS;ssive part.

wi(t,2), i={1,2}, have given rise to new noise terms = geyeral of the parameters of the model will be fixed by
7i(t) and &(t) in all three equations for the electric fields pnysical requirements of the active medium and the experi-
and the population inversion. The stochastic process€gental setup, whereas others will be used as adjustable pa-
7;(t) come from the formal integration of the spontaneousyameters. Among the former, we have the gain coefficients

emission noise sources;(t,z) over the space variable, 5 anda,, which will be taken to be coincident and equal to
whereas;(t) appear through the introduction of the result of 5 93x 10723 m2. The detuning factors,; and a, will also

this integration into Eq(5). It is worth noting that these new o chosen to be the same and equal to 852 2. The
stochastic processes are no longer space dependent; thispi§pulation decay rate is 1% s ! and its inverse is the
true of all the other quantities of the model as well. Note alsgjme unit we use throughout this section. The lengths of the
that in the population inversion equation the noise terms arg e and passive fibers are the ones used in the experiment
multiplicative [19]. They are all Gaussian distributed with (6 m and 14 m, respectivelywith a total cavity length
zero mean, and we will denote their variancesby and o | =20 m, which gives a round-trip time equal to
Df. We will treat these noise strengths as adjustable paramq —nl/cy = 10°5 dimensionless time units. The dopant
eters for our studies; they can be related to the physical profon concentration igN,=4.98x 10?°> m~3 and the transpar-
erties of the system 449 ency inversion isNg=~10?° m~2. The return coefficient of
the output coupler will be taken to be, according to the ex-
Di perimental setupR;=R,=0.97, equal for both polarization
fiwiNg’ modes. The noise strengths are chosen to be
D7=DJ=D{=D$=10"°. To put these noise source vari-
ances in perspective, we should remark at this point that the
magnitude of the light intensity in the lasing regime is, in our
dimensionless units, of the order of®10he pump rate will
whereNgg is the steady-state value of the population inver-take several values for the different regimes. The phase shifts
sion. ¢ andep and the birefringence coefficiegtwill be adjust-

In summary, we have obtained a delay-differential equaable parameters. A summary of the previous values is shown
tion model that translates the space dependence on the propa-Table I.
gation directiore (and hence its infinite-dimensional charac-
ter into a dependence on time-delayed quantities. The model
also includes the influence of intrinsic noise sources. We
have performed extensive numerical computations with this A first comparison between the numerical model that has
model, and the results obtained will be described in the foljust been derived and the experimental observations shown
lowing subsections. previously is made by computing how the laser output

=

D.
Di=4a?(Nss~ No)2|iﬁwllNo, (16)
1

B. Characterization of the model



TABLE |. Parameters used in the delay-differential model.

Parameter

Value

Units

Description

a2
A12
Y
Ia

L

R
No
N;
R
DY,

Di>

2.03x10°%® m?
3.52x 1072
107 s71
6 m
20 m
1077 s
107° m~3
4.98<107° m 3
0.97

gain coefficients
detuning factors
population decay rate
length of active fiber
total cavity length
cavity round-trip time
transparency inversion
dopant ion concentration
output coupler return
coefficients
electric-field noise
strength
population inversion noise
strength

changes with increasing pump power. A sudden jump irabove threshold.
photon numbefover nine orders of magnitujiés observed

I, (arb. units)

L, (arb. units)
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0.60

1.00 -

0.80

0.60
0.00000

0.00005 0.00010

t (dimensionless units)

FIG. 10. Polarization-resolved quasiperiodic self-pulsing time
traces. A periodicity equal to one cavity round-trip time is observed.
The pump rate isj=2x 10° dimensionless units, roughly 5 times

and represents the transition from a spontaneous emission
(no lasing to a stimulated emission regint{iasing. Linear
behavior is observed in the lasing regime. The estimated

value of the lasing threshold~5x10° in dimensionless

sult.

C. Dynamical behavior

1. Self-pulsing

Typical time traces of the output intensity=|;|?, as

unity) is in qualitative agreement with the experimental re-obtained from our delay-differential model, are shown in
Figs. 10 and 11. Self-pulsing behavior is clearly observed,
It has also been found that this model reproduces thevith different overall characteristics depending on the values

striking experimental observation of an increase in intensityof the parameters. Figure 10 presents antiphase quasiperiodic
fluctuations for higher pumping and output power. The re-self-pulses at a periodicity of one cavity round-trip time. Fig-
sults are shown in Fig. 9 and should be compared with theiure 11 shows period-2 behavior. The difference between
experimental counterpart presented in Fig. 4. The fact thaboth cases lies only in the value of the birefringence factor,
this behavior persists even in the absence of stochastic ternegual to 0.0015 in the first case and taken to be exactly zero
in the simulations indicates that these intensity fluctuationsn the second. The values chosen for the phase shifts are
are of deterministic origin. They are related to spiking and0.027 in the active fiber angt—0.175 in the passive fiber.
pulsing phenomena occurring in the time evolution of theAll the other parameters are those of Table I. It is worth
light intensity and may be caused by the coupling dynamicsioting that in all cases we obtain antiphase motion for the
between the many modes that are undergoing amplificationwo polarization modes. The structures immersed in this self-
as mentioned in Sec. Il A. pulsing behavior are observed to drift slowly as time

05
'Y L
PY *®
04l e 100
03} o’ z
o g
*
02| o =
. 5 0.80
@ 01 ° ~
= ]
=
z 0'00 2 7 6 8
'D .
) 1,41, (arb. units) 060
g L
£ os 100
R e * £
=
g 04 o M g
. >
E o3} .ot £ 080
&
E 0.2 o’ e
@ O
L ®
01 0.60 :
0.0 leses® ‘ , 0.00000 0.00005 0.00010
T4 6 8 10 t (dimensionless units)

q (arb. units)
FIG. 11. Polarization-resolved quasiperiodic self-pulsing time
FIG. 9. Standard deviation of the total intensity output vs totaltraces with a period equal torg. The pump rate is the same as in
output power ; +1, and pump rate. Fig. 10.
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FIG. 13. Antiphase square pulses generated by the delay-

1500 | ] differential model by properly tuning the value ¢f. The pump
rate is the same as in the previous figures.

1000 H 4

500 - 4 .
patterns on top of the square pulses change continuously and

0 ‘ ' slowly with time, as shown in Fig. 14, where three series of

1500 ‘ 1 ten cavity round-trip times occurring at different instants of

1000 WWWWMWMMWWWWMW the same dynamical evolution are compared. Again, this be-
havior is not obtained if the spontaneous-emission noise is

500 q .
not taken into account.

Voltage (mV)

1500 | ' ‘ B . .
D. Nonlinear analysis

1000 ! . .
‘ ‘ I To complete our comparison between the results given by

500 1 1 the delay-differential model that has been derived in this sec-
tion and the results obtained from the experimental system,
we will analyze the numerical time traces from a nonlinear
dynamics point of view. We can compute the average mutual
FIG. 12. Three snapshots of the self-pulsing behavior of on«;J;nformat.ion function of a pOIari.Zation_reS(.)lved oqtput “”.‘e
trace. Figure 15 shows the typical behavior of this function

polarization mode, showing the slow drift of temporal patterns du N ) - .
to the effect of stochastic noise sources. These snapshots are S:E‘Q(h'(:h in this case corresponds specifically to the time trace

rated in time by several hundred round-trig®. Numerical simula- ~ SNOWn in Fig. 1€a)]. We conclude that a reasonable value

tion (parameters are the same as in the previous figumed (b)
experimental behaviofin this case the cavity round-trip time is .
~130 ns. 1.00

0.80 - 4
evolves, as observed in the experimefs#se Fig. 12 This 0.60 | MW“M 1

pattern evolution does not occur if the noise sources are ne- 4, i W

glected in the model, which indicates the importance of :
1.00 {u,
0.80 - u ]
0.60 1
iniH i i b

spontaneous emission in this system.
The value ofpp used in the previous simulations corre- 0.40 : :
sponds to an imperfect half-wave plate. By taking a value of 100 ' |

0 200 400 600 800 1000
t (ns)

<

2. Influence of the phase shifts

I, (arb. units)

this phase shift closer te (which amounts to properly tun- il

ing the polarization-controller mandrels in the experiment 0801 )
we can reproduce the square-wave behavior observed in the 060 W’"‘I
real system. Figure 13 is the result of making 04 ooe0e 0004 Gouoos 000008 030010
¢p=m—0.015 and3=0.020. As in the experimental output, ' ' t (dimensionless units) '

these square waves are antiphase in both polarization com-

ponents, with a period equal to the cavity round-trip time,  F|G. 14. Three snapshots of the numerically simulated behavior
and a relation between the lengths of the upper and lowesf one polarization mode, showing that the detailed structure of the
plateau equal to that between the lengths of the active anghuare-wave patterns evolves slowly in time. The parameters are
passive part of the cavity. Also, as in the experiment, theahe same as in the previous figures.
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100.0

FIG. 15. Typical example of the average mutual information 800 1

function obtained numerically. The actual time trace from which
this function has been derived is shown in Fig(al6

60.0 -

40.0 -

200 -

false nearest neighbors (%}

g
(=1

for the time lag to be used in phase-space reconstruction is 55 o o 2
At=10"" dimensionless units, which corresponds to one " embedding dimension '
time interval in the cavity subdivision we have chosen
throughout this work. We now compute the percentage of
false nearest neighbors for different dimensions in two dif- 0.8

o
o

1.0

ferent regimes. Figure 18 shows a time trace exhibiting a % 06 bl

high degree of periodicity and its corresponding false- € g4 | i i ‘ R
nearest-neighbor percentage vs embedding dimension. This = MR TFTRNGN ‘ T~
result shows that the behavior of the system in this regime is

low-dimensional and deterministic, with an embedding di- %0000 00001 00002 00003 00004  0.0005
mensionde=4. Figure 16b), on the other hand, shows a ! (dimensionless units)

nonperiodic time trace and a false-nearest-neighbor percent- z 1000
age that doemotgo to zero for increasing dimension, imply-
ing that the behavior in this case is high dimensional and
noise driven. We remind the reader that these two different
regimes have also been obtained experiment&ily. 8). We
regard this agreement as a significant indication of the suc-
cess of our model in capturing the dynamical behavior of the
laser system.

80.0

60.0

40.0

20.0

false nearest neighbors (%

0.0 :
0.0 2.0 4.0 6.0 8.0

embedding dimension

IV. CONCLUSION FIG. 16. Quasiperiodic time trace and its percentage of false

We have analyzed the fast, intracavity dynamics of arhearest neighbors vs dimension. Full circles represent the numerical
erbium-doped fiber laser in a ring cavity. Since it is well result, which corresponds to a pump rateqef6x 10° dimension-
known that this kind of system presents interesting polarizaless units,~1.1 times above threshold. Empty circles are the ex-
tion dynamics, we have introduced a polarization controllePerimental result of Fig. @. (b) Nonperiodic time trace and its
inside the laser cavity. Self-pulsing has been observed in aerce_ntage of false nearest nelgh_bors vs dimension, wh|ch displays
very broad range of system configurations, both in the totaf residual percentage of NN, |mply|ng random dynamics. Full
output intensity of the laser and in the polarization-resolveofgge;cr]e_pie;igé g;gﬂgigg;iﬂ;‘gwmecsgszsgrlﬂfetsohilgump
Silynnearrrzctsh,islr;eg?r::gdtieo'];v\fgzi?f[—:‘drglr'ltogcflgiiz(:tli\(ljlltwyrrzglégg-g;%m this case, thino_ise source strer)gths havg been increased to a
behéve independently, i.e., one may show quasiperiodic dX\,IK,e'llue of 1. ;O dlmen_5|onless units to obtain better ggreement
namics and the other ’cha(;tic behavior, for instance. Due tgiI;h ;1;]expenments, which are represented by empty cifties:
the long cavity and fast detection devices, we have been able™ '
to sample the behavior inside a cavity round-trip. By care- ) o _
fully tuning the polarization controller, the self-pulsing be- and the square-wave behavior. Spontaneous-emission noise
havior can be transformed into square-wave dynamics. | necessary to obtain the observed slow time drift of the
this case, the behavior of the two polarization modes is usupatterns underlying the square-pulse structure. However,
ally antiphase, as predicted for lasers with a strong multieven though spontaneous emissi@nd hence the noise
mode character. All these features can be reproduced by sources in the modgis always present in the laser operation,
stochastic delay-differential equation model, which takesve observe, numerically and experimentally, both a deter-
into account the fact that a mean-field approximation in theministic and a noise-driven regime for slightly different val-
propagation direction is misleading in this kind of long- ues of the system parameters. The first situation corresponds
cavity laser. Spontaneous emission is introduced via a nois® a quasiperiodic, low-dimensional motion and the second
term in the original Maxwell-Bloch equations and leads to ato a random, high-dimensional behavior. The coexistence of
nontrivial stochastic contribution to the delay-differential these two types of behavior in the same nonlinear dynamical
model. This model is able to reproduce both the self-pulsingystem is a remarkable feature that deserves further study.
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