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Antiphase dynamics in multimode semiconductor lasers with optical feedback
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We study the dynamics of multimode semiconductor lasers with optical feedback. Our model takes into
account explicitly spatial effects, which are included by considering spatial profilé$ kangitudinal modes
coupled to the space-dependent gain. We also consider the effect of carrier diffusion. We find that in the weak
feedback regime the longitudinal modes display antiphase oscillations that lead to a nearly constant output
intensity. This result is largely independent of the value of the diffusion coefficient. For larger feedback we
observe in-phase fast oscillations at a frequency close to the relaxation oscillation frequency of the solitary
laser. In these two regimes, the total output of the laser has the properties of a single-mode laser for nondis-
persive applications. We assess the validity of an existing approximation scheme that has dealt with spatial
inhomogeneities by expanding the carrier density into a truncated hierarchy of moments. We demonstrate that
this approximation is very good when the underlying carrier diffusion is fast, thus leading to a weakly
developed carrier grating.
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I. INTRODUCTION way is to expand the free-carrier density in terms of the
Multi-longitudinal-mode laser dynamics is a difficult Nonlinear gain functioin13] as in solid-state laser rate equa-
problem that has received increasing attention over the Ia%iqoé";e[sl[‘{]s Tlhﬂ's leads to a set of\2 equations fo lasing

ten years. In this paper, we focus on that topic for edge- L .
emitting semiconductor lasers with optical feedback. These A Significant difference between the two types of modal
xpansions is the underlying assumption about the free-

lasers are difficult to analyze because their size makes fXP¢ i : .
extremely difficult to probéin situ the physics that takes carrier dynamicgalso referred to as spatial hole burning or

: : - atial grating In the N+1 approach, it is assumed that
place. It is onIy_ very.rec.ently that systematic experime ma@ﬁ‘fusiorﬁJ was%es out very fastg%y spatial inhomogeneity and
results on multi-longitudinal-mode edge-emitting SeMICoN-y -~ the free-carrier density may, to a very good approxima-
ductor Igsers have begun to be reportqd for more thaq tWffon, be assumed to be a constant along the gain medium. On
modes in the much simpler configuration without optlcalthe contrary, the [ approach assumes that the inhomoge-

feedbgcl{l]. o ) ) neous mode structure of the Fabry-Pérot laser, which is pro-
Optical feedback adds an |nf!n|te number ofd!mensmns t(bortional to sik(mmz/L) wherem is an integer and. the
the phase space of the dynamical system and is expected &9yity length, imprints a similar inhomogeneity on the free-
lead to an even more complex dynamics. Therefore the tensg rier density even in the long-time limit.
dency has been to resort to phenomenological models to an- Recently, a comparison between these two sets of modal
swer the inverse problem question: what physical mecharate equations has been carried out to assess their differences
nisms account for the observed laser output properties? Faind relevancgl8]. In particular, it was shown that antiphase
that purpose, two approaches have been mainly used. Thinamics is not compatible with thé+1 modal equations
first one does not presuppose the number of lasing moddsut appears naturally in the\emodal equations. This is im-
and deals therefore with an electromagnetic field describedortant because the existence of in-phase and antiphase dy-
by a partial differential equation. That field is coupled to thenamics was recently demonstrated indire€1l9] by compar-
free-carrier density by means of either a diffusion equatioring the power spectral density for total intensity with the
[2,3] or the space average of the free-carrier denity6]. incoherent sum of power spectral densities for individual
This approach does include some drastic approximations imodes and directly by ultrafast recording of the modal output
the description of the semiconductor physics but retains mogiower[1].
aspects of Maxwell’'s equations for the field. Its drawback is In the absence of a reliable experimental estimation of the
the heavy computational work that is required. The secondifetime of the spatial inhomogeneity of the free-carrier den-
approach is based on a modal expansion of the cavity fieldity, we propose in this paper to compare the two modal
and on a moment expansion of the free-carrier density t@pproaches described in this introduction with the model
generalize the Lang-Kobayashi single-mode md¢@¢l Two  from which they both derive, namely, the set Mfmodal
different ways to approximate the material diffusion equationequations for the electromagnetic field coupled to the full
have been used. One way is to approximate the free-carrigliffusion equation for the free-carrier density. The optical
density by its space average, reducing the diffusion equatiofeedback is taken into account as in the Lang-Kobayashi
to an ordinary differential equation and leading to a set ofmodel, through a single delay term in the equations for the
N+1 equations if there and lasing mode$8-12]. The other mode amplitudes. We find with the diffusion equation that
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oscillations that lead to a nearly constant output intensity, in F(z,t)dz, (6)

good agreement with the predictions of thid ghodel. Sur-
prisingly, the antiphase oscillations occur in a wide range ofntegrating Eq.(4) over z, and neglecting carrier diffusion
values of the carrier diffusion coefficient. This indicates thatgives

weak diffusion is not a singular limit. More important, it

suggests that even in the long-time limit and despite the as- ﬂ_ 72 16,26 7)
sumption of a fast free-carrier dynamics, there remain traces dt 7, S Tm

of the spatial inhomogeneity induced by the mode gratings.

This paper is organized as follows. The model is de-where J=(1/L)f5J(z2)dz Equations(3) and (7), supple-
scribed in Sec. Il. Results of numerical simulations are premented with a phenomenological expression for the modal
sented in Secs. Il and IV, and Sec. IV contains a summargain G, [which replaces Eq(5)], constitute the set dfii+1
and the conclusions. rate equations that has been studied. In R&41], the non-

linear gain isG,,=8,/N and B, has a parabolic frequency
. THE MODEL dependence. In Ref[9], the nonlinear gain isG,,
We begin by writing the optical field in the laser cavity as =NVZxBmdExl? where theB have a Lorentzian dependence
on the modal frequencies.
E(zt) =2 [¢n(@EMY +c.cl, (1) On the other hand, multiplying E@4) by |#n(2)|?, inte-
m grating inz, and neglecting carrier diffusion gives

for weak feedback the modal intensities display antiphase N 1JL
t ——

0

where thegy,(2) are in principle any set of functions that
form an orthonormal basis. In practice, the usual choice is —™= i -> [f F|¢m(z)|2|¢n(z)|2dz}|5 2,
the modes of the empty lossless cavity, which for a Fabry- t
Pérot cavity of lengtiL are given bye,,=12sinq,z) where (8)
n=tma/L, mbeing an integer and the cavity length. The L 5 o
¢m are normalized to unityé1/L)[5|¢(2)2dz=1. Next we ~ Where Jn=(1/L)[¢J(2)|¢n(2)|"dz Approximating the last
define the slowly varying complex amplitudes as term in Eq.(8)
E(M,t) = En(thexplimnt), 2 -
(MY = En(Dexpliont @ f F@0|on @l a2z~ BuCrlt).  (9)
where w,=qmC. 0
The rate equationg for a multimode laser which coup_le th&ye obtain
modal complex amplitudes§,(t) to the population inversion
F(z,t) are[16 dGn Gm
(z.) are(16] T I G Bl (10
Gen(t) 1+'0‘G 0 - klEn(t t i
+ -_—
dt [Crn(®) = KinJEm(®) + 7t = DEXP= 07, Equations(3) and (10) constitute a set of 12 rate equations
3) that are those studied in Rdfl5] and therefore formally
equivalent to those studied in Ref46,17).

dF(z,t) _ F(z, t)

pab NG ~F(z t)E | b DEn(]?
Ts lll. RESULTS
‘92':(2 t) (4) We present results of numerical simulations of E(@.
D, 2 and (4) with three longitudinal modes. We have also per-

formed simulations with six or more longitudinal modes,
finding similar results. The mode witm=1 has wave num-
1 ) berg,=275r/L, the mode withm=2 hasqg,=276wr/L, and
Gr(t) = [f |bm(2)|*F(z,1)dz, () the mode withm=3 hasgs=277x/L. We chose.=200 um
0 as the laser cavity length, which gives a wavelength for the
a is the linewidth enhancement factor, arg is the field  central modex,=1450 nm. To focus on the effects induced
damping ratgor inverse photon lifetime A delay term was  only by the different spatial modal profiles, we assign to all
included phenomenologically to account for weak externamodes the same cavity losseg=1 ps?, feedback level,
optical feedback7]. n,, is the feedback strength into theh 7m=7, and feedback phase,r=0 rad. Other parameters are
mode andr=2L,/c is the delay time induced by the exter- =5, 75=1 ns,7=6 ns,J(2)=2000 ~2Jy,), which means that
nal cavity. In Eq.(4) J(2) is the carrier injection current,is  J is uniform inside the active region. This choice fiie) is
the carrier lifetime, and, is the longitudinal carrier diffu- consistent with experimental values publistig€l,20], and to
sion coefficient. be published21]. With these parameters, the relaxation os-
We now derive the two approximate models described ircillation frequency is about 5 GHfthe precise value de-
the Introduction. Defining the spatial average of the carriepends on the diffusion coefficigntThe spatial integration
density as step wasdz=0.02 um and the time integration step wds

The G,, are the modal nonlinear gains,
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FIG. 1. (8 Modal intensities(thin lineg and total intensity di- FIG. 3. (a) Modal intensities and total intensity divided by 3 for

vided by 3(thick line) for D,=0.3 um?/ns and»=0.25 ns™. (b))  D,=3.0 um?/ns; all other parameters as in Fig.(i) Magnification
Parameters as ifa) but different initial conditions. For the initial of a short time interval ofa). It can be observed that the oscilla-
conditions, the modal amplitudes are at the noise level. Thus, téons of the modal intensities follow the pattern 1-3-2 while the
vary the initial conditions we choose a different realization of themodal envelopes follow the pattern 1-248) Carrier grating at
noise. (c) Carrier grating att=180 ns. The carrier grating is the =180 ns.
same for the oscillations displayed (@ and(b). The inset displays
details of the spatial grating betwegr 50 and 15Qum. DecreasingD, to 0.03um?/ns (Fig. 2) still produces a
self-structured dynamics. It can be observed that due to the
=0.01 ps. For the initial conditions, the modal amplitudes areslower carrier diffusion there is a more pronounced hole-
at the noise level and the excess carrier density is zero. Thgurning effect, which leads to a more developed carrier grat-
feedback level; and the diffusion coefficierd, are the free  jng.
parameters of our study. , IncreasingD, to 3 um?/ns (Fig. 3) leads to a regime in
Figure 1 displays results foD,=0.3um"/ns and »  \yhich the total output is still constant but there is a large
=0.25 nst. The modal intensitie$,,=|&,)? (thin lines and amplification of the modulation amplitude of, I, and|
17/3=(1/3)2 )l (thick line) are plotted as a function of ik aiso dis : : e >
plays antiphase dynamics. With three modes

time. A regime of antiphase dynamics develops after thepere are only two topologically different modal sequences of
transients. In this regime the three longitudinal modes OSC”éntiphase dynamics: 1-2-3 and 1-3-2. While the modal enve-
late with a period®~ 3.3 ns and each mode is phase shifted . ;

. o lopes follow the sequence 1-2{Fig. 3(@)], the fast pulses
by nearIyP_/3. As a re_sult, theT .total intensity is nearly con- display antiphase 1-3-FFig. 3(b)]. Figure 3c) shows that,
stant. Varying the initial conditions c.hanges the phase relag, e 16 fast carrier diffusion, there is only a weakly developed
tions among the three modes. In Figalwe observe the

. carrier grating.
s;zque_ni:e 1'd2'3 wgebreftm:ﬁ rrlo3de hgs aF_maX|mun:j_after Figure 4 displays results for a larger number of modes
the m=1 mode and before the=3 mode. Figure ®) IS* _ (N=7). A complex antiphase regime resulting in a complete
plays a regime obtained with the same parameters as in Fi

; A L ompensation of the modal intensity oscillations in the total
1(a) but a different initial condition. Here the sequence 1-3-2 . . . -
is observed, as ths=3 mode has a maximum after tie output power is observddrig. 4a)]. The carrier gratingFig.

—1 mode and before thm=2 mode. Both sequences corre- 4(b)] exhibits fast oscillationgdue to mode-mode beating

. . S " —.which are modulated by a slow envelope, which is related to
spond to the same carrier grating, which is displayed in Flgthe number of operating modesvith seven longitudinal

1©). modes there are six “nodes”
S 033 -
= 0.32 -
" 03 (@) . . . =" . . .
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FIG. 2. (a) Modal intensities and total intensity divided by(B) FIG. 4. As in Fig. 1 but with seven longitudinal modes.
Carrier grating at=180 ns.D,=0.03 um?/ns. Graphic conventions =4000; all other parameters as in Fig.(4 Modal intensities and
and all other parameters as in Fig. 1. total intensity divided by 7(b) carrier grating at=180 ns.
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FIG. 5. () Modal intensities and total intensity divided by 3, L A W=V T NS
obtained simulating Eq<¢3) and (10) (formally equivalent to that 40 145 150 155 160
proposed in Ref.15]) with parameterd,,=5000, 3,,,=0.996; other @ Time (ns)

arameters as Fig. 1b) Magnification of a short time interval of
?a) g 1) Mag FIG. 6. Dynamics for larger optical feedback and slow diffu-

sion.(a),(b) »=1.0 ns%; (¢),(d) »=2.0 ns?; all other parameters as
o . . in Fig. 1.(a) and(c) display the total intensity divided by 8) and
The observed dynamics is in agreement with the antiphasg) gisplay the modal intensitieor clarity the modal intensities of
dynamics predicted from a normal form analysig] and for  modes 1 and 3 have been shifted vertically +0.1 and -0.1,
a semiconductor laser with external feedbdd®] in the  respectively.
framework of the model of Eq$3) and(10). We have made
simulations of that model, shown in Fig. 5, to demonstrateconstant total output power. For larger optical feedbpgk
the good qualitative agreement between the two models. We2.0 ns?, Figs. 7c) and 7d)] the modal intensities are again
do not present simulations based on Ml equations as it in phase(extrema of the same kind occur at the same time
was recently showh18] that this model exhibits, in the ab- for all modes but with different amplitudes.
sence of noise, only steady-state or in-phase dynamics, while To further characterize this chaotic dynamics we employ
in the presence of noise, it exhibits only out-of-phase oscilthe technique proposed j19] and used if18]. Let P(l+,f)
lations but no antiphase states such as the 1-2-3 and the 1-3a&dP(l;, ) be the power spectral densities of the total output
oscillations displayed Figs. 1-3. power and of théth mode, respectively, at frequentyif the
The above results show that for weak optical feedbacknodes are in perfect antiphase at frequehcthenP(I1,f)
there is a compensation of the modal oscillations in the totatQ; if they are in perfect inphase at frequengy then
output intensity that is independent of the value of the diffu-p(|T,f):[2N/p(|i,f)]Z; and if they are in partial antiphase,
sion coefficient in the range studied. This result implies, inthen>P(1;,f) > P(I1,f) >0 at frequencyf. Figures 8a) and
that range of diffusion coefficients, that the output of thegp) displayP(I;,f) andSP(l;,f) for the parameters of Figs.
laser can .be con&dergd as constant in time, prowdmg it i(c), 6(d), 7(c), and 7d), respectively. It can be observed that
not used in a dispersive setup. For larger optical feedbaclfe modes exhibit partial antiphase dynamics at low frequen-
this compensation is destroyed, and the feedback strength fETes, and in-phase dynamics at high frequencies. This behav-
which this transition occurs depends on the diffusion coeffiq, agrees well with experimental observatidd§] and the

cient. , o theoretical analysis of Eq$3) and (10) in Ref.[18].
For weak carrier diffusion(D,=0.3 um?/ns) and 7

=1.0 ns?, the modal intensities oscillate in phase. Figure
6(a) shows the total output intensity and Fighbthe modal g
intensities(for clarity the intensities of then=1 and 3 modes (@
are shifted vertically by +0.1 and -0.1, respectiyely can —"
be observed that the modal intensities exhibit fast pulses at i —
frequency close to the relaxation oscillation frequency, and & ——
modulation of the envelope at a frequency close to the exter(?)
nal cavity frequency. As a result, the total output becomes «
deeply modulated at the external cavity frequency. The time —+
trace shown in Fig. @ looks remarkably similar to solu- ©
tions of the single-mode Lang-Kobayashi equatif2]| in
similar conditions.

For larger feedback strengfy=2.0 ns?, Figs. c) and
6(d)] the dynamics becomes increasingly chaotic. The modal
intensities are still in phas@xtrema of the same kind occur
at the same time for all modebut with different amplitudes. FIG. 7. Dynamics for larger optical feedback and fast diffusion.

For larger carrier diffusion(D,=3.0 um?/ns) and 7 (@),(b) »=1.0 nst; (c),(d) »=2.0 ns%; all other parameters as in
=1.0 ns?, it can be observed in Figs(& and 7b) that the  Fig. 3. (a) and(c) display the total intensity divided by 3b) and
modal intensities still oscillate in antiphase, resulting in a(d) display the modal intensities.
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100 and for the carrier density in the laser cavity. The carrier
density verifies a diffusion equation. We have shown that for
low enough feedback there is antiphase dynamics, resulting
50| in a compensation of the modal oscillations in the total out-
put intensity, which is independent of the carrier diffusion.
As the feedback increases the relaxation oscillation fre-
0 quency becomes undamped, and we observe inphased modal
oscillations. For larger feedback the dynamics becomes cha-
otic, and modal intensities remain in phase but with different
-50 chaotic amplitudes.

The coherence of the time-dependent modal intensities,
originating from the global coupling of the modé&dl modes
interact with the same gain mediymesults in a practically
constant output intensity. This explains why a number of
features of multimode lasers could be successfully explained
with single-mode models.

We have compared the predictions of our mogehich
includes explicitly the carrier density spatial profile and a
carrier diffusion term with those of the model represented
by Egs.(3) and (10), which approximates the carrier inho-
mogeneities by a set of finite nonlinear modal gains. We

=50 found that the agreement is particularly good in the limit of
0 2 4 6 8 e S .
(b) Frequency (GHz) large dn_‘fusm_)n, vyhere the grating is relatively small due to
the carrier diffusion; as expected, the agreement is less good

FIG. 8. (Color online Power spectal densitie®(I7,f) [gray i the weak diffusion limit, where approximating the grating
(red) line] and=P(l;, ) (black lin®. (a) Parameters as in Figs(®® by a finite set of moments is less valid.
and Gd). (b) Parameters as in Figs(cJ and 7d). Antiphase dy-
namics is observed at low frequencies. ACKNOWLEDGMENTS
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