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Abstract: Semiconductor ring lasers display a variety of dynamical
regimes originating from the nonlinear competition betwebe clock-
wise and counter-clockwise propagating modes. In pagicibr large
pumping the system has a bistable regime in which two statjoquasi-
unidirectional counter-propagating modes coexist. Bititg is induced
by cross-gain saturation of the two counter-propagatingdeasobeing
stronger than the self-saturation and can be used for datagst when the
semiconductor ring laser is addressed with an optical pligéis work we
study the response time when an optical pulse is injecteddardo make
the system switch from one mode to the counter-propagatieg \0/e also
determine the optimal pulse energy to induce switching.
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1. Introduction

Ring lasers have been the subject of a large amount of expetainand theoretical investiga-
tions [1], ranging from fundamental studies of their namekr dynamics [2, 3, 4], to practi-
cal applications as the ring laser gyroscope [5]. Receditlgular Semiconductor Ring Lasers
(SRLs) have been investigated due to their peculiar twoerdyhamical properties arising
from the nonlinear interaction between the clockwise (CW§ anunter-clockwise (CCW)
propagating modes [6]. For practical applications it isessary to be able to extract the light
from the system which can be done using for example a y-jonaiutput coupler [7]. The
output coupler itself induces further interaction betwéesn two counter-propagating modes.
Therefore, to properly model the dynamics of this systers, riecessary to take this backscat-
tering into account. A suitable dynamical model was inticatlin Ref. [8] and its parameters
were carefully fitted from the experimental results. Closehe laser threshold both modes
coexist with the same stationary power. Increasing the puhgpsystem enters in oscillatory
regime in which the intensity of both modes oscillates inf@rdse. Finally for larger pumps
the system enters in a bistable regime in which two statiogaasi-unidirectional counter-
propagating modes coexist [8]. Bistable operation has beemonstrated in several structures
beyond circular SRL [8], such as triangular SRL [9], doublL_Ssharing the same active ele-
ment [10], and passive silicon rings [11, 12]. Recently, shedy of bistability in a tandem of
two SRLs [13] unveiled highly appealing features for apgiicns in all-optical switching and
optical memories.

However, while most of the previous studies have focusedhencharacterization of the
stationary states of the system there is a lack of studiegtahe transient response of SRL
when it is addressed with an optical pulse. Thereforeglidl known about the intensity or
the duration required for the pulse in order to induce a ssfaéswitching. Neither the time it
takes the system to switch from one mode to the counterpatdipggone has been characterized.
These issues are extremely relevant for the envisionedcatiphs.

In this work we study the response of a SRL operating in thtabis regime when a coherent
optical pulse is injected in order to induce a switch from ohéhe quasi-unidirectional mode
to the counter-propagating one. We include the presengaooitaneous emission noise in our
modeling. We perform a statistical analysis of the time ketathe system to start emitting in
the other mode after the pulse has been applied (switchimg) tiWe also analyze the energy
the pulse should have in order to induce switching. Furtieeempulses of several shapes are
considered to elucidate that, in order to induce switchimg relevant characteristic of the pulse
is its integrated energy rather than its amplitude or donati

2. Model

The theoretical analysis of the two-mode ring laser is based set of dimensionless semi-
classical Lamb equations for the two (slowly varying) coexphmplitudes of the counter-
propagating field&; Clockwise (CW mode) an#t; Counter Clockwise (CCW mode), which
has provided a good quantitative description of the two-endgnamics in SRLs [7, 8]. The
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equations read:

E172 = (1+2Ia) [N(178|E172‘27C‘E2,1|2) 71} E172
—(kd+ikc)E271+:_—pF172(t)+ BTN a(t) )

wherea accounts for phase-amplitude coupling and the self ands@atiration coefficients
are given bysandc, respectively; the parametdggsandk. represent the dissipative and conser-
vative components of the backscattered field, respectiVély termFy »(t) represents resonant
(zero-detuning) optical injection in the two modes, andilt lae used to trigger the switching.
Formally, this term is introduced according to the standlaedry of injection in semiconductor

F (1) h 4 Fy1)

Fig. 1. Geometry of the SRL device and the injection scheme.

laser [14, 15]1, is the photon lifetime andj, the flight time in the ring cavity. The practical
implementation of the optical injection is sketched in HigThe last term of Eq.(1) represents
spontaneous emission nois®;= 5-103 ns ! represents the fraction of the spontaneously
emitted photons coupled to mode 1 or{2, are two independent complex Gaussian random
numbers, with zero meafd;(t)) = 0 and correlatio{ (t)Zj*(t’)> =2§;5(t —t'). The carrier
densityN obeys the rate equation for semiconductor lasers,

N =y [s—N-N(1-s|Es* —c|E2*) [E1|* ~ N(1 - §|Eo|* — c|E1[*) |E2[] )

wherey is the dimensionless pump (~ 1 at laser threshold). In the set (1)-(2) the dimension-
less time is rescaled by the photon lifetimg The parametey is the ratio ofr, over the carrier
lifetime ts.

3. Steady state solution and bistability

In order to perform a steady state analysis, we study thefded.o(1)-(2) without the optical
injection and spontaneous emission terms. The equatidremes:
. l+ia .
I 5 VN1 SEL22 ~ cE2af?) ~ 1) Erz— (K + ko) @3)
We consider a SRL with 2im-wide single-transverse-mode ridge waveguides in a @subl
guantum-well GaAs/AlGaAs structure with 1-mm ring radilibe estimated parameter values
for this device are [7]a = 3.5, s= 0.005,c = 0.01, k. = 0.0044,ky = 0.000327,y = 0.002,
Tp = 10 ps andr, = 0.6 ps.
The stationary solutions of the set (2)-(3) can be expressedhe form Ej, =
Quzexp(iwt +igy2), and the corresponding value fb. Fig. 2 shows the bifurcation dia-
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Fig. 2. Bifurcation diagram for the field intensitiéﬁ_nz(t). Symbols indicate the extrema
of the field intensities in the oscillatory regime: open circle (square) reptélse maxima
(minimay) of bothQ?(t) andQ3(t). The stable steady states are denoted by thick black lines,
and unstable steady states by grey dashed lines.

gram for the parameters considered hereuAt 1 laser oscillation takes place. The presence
of dissipative backscatteringi{) favors the presence of two steady state symmetric sokution
(Q1 = Q2 = Q) just above threshold, despite the presence of strong-esaigsation between
the two modes [7]. These two symmetric steady states hagathe field amplitude and carrier
inversion:
5 N—1+ky
@ = (c+9N @)
N = - (5)
1+2Q2—-2(c+s)Q*

but they differ in the relative phase between the CW and CCWeaadd = ¢ — ¢1). The
In-Phase Symmetric Solution (IPSS) correspond® te 0 while the Out-of-Phase Symmetric
Solution (OPSS) corresponds ®@= 1. Since we are considering a positive valuekgf the
OPSS is the stable symmetric solution. The OPSS solutistsefar any value of the pump
above the threshold. However, it is not always stable. In Fige have plotted the OPSS with
a solid black line from the laser thresholdpo~ 1.5. At this current the OPSS is destabilized
to a Hopf bifurcation. We have indicated the unstable OPSB astraight grey dashed line.
The Hopf bifurcation leads to the emergence of a oscillabatyavior in which the CW and the
CCW modes coexist. The intensity of both modes oscillatl thie same amplitude but are in
antiphase. The oscillations are driven by the conservativeof the back-scattering coefficient
ke, and represent a dynamic competition between the two crpmofgagating modes. We have
determined the limit cycle from numerical integration of. E2)-(3). We represent the maxima
(minima) of the oscillating modal intensities by open ac{squares). This oscillatory behavior
is stable up tqu ~ 2.6.

We now turn back to the OPSS solution, which although it igahis its further bifurcations
are important for the behavior at large pump values. At 2.0, two unstable asymmetric solu-
tions emerge at a pitchfork bifurcation from the unstabléSSRind they coexist with the stable
limit cycle. We have obtained the asymmetric steady stagesolving the right hand sides of

#82978 - $15.00 USD Received 11 May 2007; revised 31 Jul 2007; accepted 1 Aug 2007; published 24 Sep 2007
(C) 2007 OSA 1 October 2007 / Vol. 15, No. 20/ OPTICS EXPRESS 12944



Eqg. (2)-(3) equated to zero with a Newton-Raphson methods@&ltwo stationary states con-
sist in laser emission mainly concentrated in one propagatirection, i.e. quasi Clockwise
(qCW) or quasi Counterclockwise (QCCW). In the qCW steadyedta¢ CW intensity takes
a value on the upper branch while the CCW intensity takes @evial the lower branch. The
gCCW steady state corresponds to the opposite situatiancdhtrast factor between the two

modesC = % increases withu from the pitchfork bifurcation. Because the asymmet-
ric stationary states are initially unstable, we have pbbtthem with grey dashed lines from
U~ 2.0 uptou ~ 2.6. At this current value the stable limit cycle loses its 8igband the
asymmetric stationary solution becomes stable (denotsedlaklines). For high pump values,
the strong cross-saturation between the two counterpatipggvaves tends to favor the quasi-
unidirectional behavior. In this regime the device shovesdtiility between the two asymmetric
solutions, and we refer to it as thestable regimeThis bistability between counterpropagating
modes can be used for data storage when the SRL is addregbedvoptical pulse. In the
next section, we quantify the speed of and the necessarg puaksrgy to achieve successful
data storage. We should note that as the cross-saturatiameterc tends tos the pitchfork
bifurcation moves towards infinite pumping values. Therefa large cross-saturation value is
required to have bistability.

4. Switching

In the bistable regime, if no injection is applied, the systelaxes to one of the two counter-
propagating quasi-unidirectional stable states (QCW &@W) discussed in the previous sec-
tion. Applying a pulse whose propagation direction is thpasgite to the one of the dominating
mode, it is possible to induce a switching from the origirtebsly state to the other one. We
chose as an optical trigger a pulse of the fdfm = Aexp(—t/T1), characterized by the pulse
amplitudeA, and the pulse decay tinte The trigger amplitudé\ is in general complex, due

to the (constant) dephasing accumulated by the externdlifiehe optical wave guide outside
the laser cavity. However, it is known that such associatexse does not affect the injection
properties [15], and we assumdo be real.
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Fig. 3. Time traces of the dynamic variables under pulsed optical injegtieration condi-
tions. Upper panel: dimensionless trigger amplitifelét)| (blue), andF»(t)| (red). Middle

panel: dimensionless SRL modal amplitugieg(t)| (blue), andEx(t)| (red). Lower panel:
carrier. The trigger characteristiod= 0.1, 7 = 0.1T, T = 10 ns.u = 3.0, corresponding
toC ~ 0.85.
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We have numerically integrated Eqs (1)-(2) through the séaarder Heun algorithm [16].
The optical injection was a stream of 1000 trigger pulseiahting the CW and CCW) at a
constant rate of 0.1 GHz to generate the statistics. Nuadeimulation (see Fig. 3) show that
if the system is in the qCW (qCCW) state and a CCW (CW) pulse iBegha switching occurs
to the gqCCW (qCW) state if the switching energy exceeds aatiimount. The carriers show
relaxation oscillations which are triggered by the pulsethle regime we are operating these
oscillations, which damp with a time constant-ofl ns, die at the end of the pulse. However,
for very short trigger pulses (T < 0.01) the oscillations may persist after the pulse ends (
1.5 ns). When a pulse is applied the response of the systennyigagt. This allows for high
speed optical data storage. However, please note thatntieethie system takes to reach the
steady state after the switching event is longer than theorese or switching time. This will
limit the time between consecutive successful switchingné. In this work, we concentrate
only on characterizing the switching event.

We have computed the mean normalized cross-correlatioreeeP; = |E;1 |2 andP; = |Ez|?,
evaluated at a time delay equal to the trigger period T, that i

1 1
X(T) PP Tmax
where Tmax = 1000T is the total integration timeP; ~ u — 1 is the average values of the
intensity \§1|2 when the (solitary) qCW mode is active (the same holds forGiaV mode
intensity P). Note that the normalization procedure that we use all®B) to be slightly
larger than one, due to the power injected by the triggerllIthe trigger pulses induce a
switchingX(T) ~ 1, whereas if some switching events f&i{(T) decreases and approaches to
zero if no switchings occur. We have computed the valuX @f) for different values of the
trigger amplitude and decay time, and the result is showngn4= The numerical simulations
show that the shape of the pulse is not critical for the switghio occur, being the relevant
magnitude its energy, given = [y |F12|?dt = A21/2. Figure 4 shows that a transition to

/0 B (OPs(t - T)dt 6)

x 10

6

Trigger Amplitude

0.01 0.02 0.03 0.04 0.05 0.06
uT

Fig. 4. Cross-correlation functioX(T), given by Eq. (6), versus the dimensionless trigger
amplitudeA and the pulse decay tinrenormalized to the pulse repetition rae= 10 ns.
Parameters as in Fig. 3. Colorbar indicates values of the cross-timmélanction.

successful switching events occurs in correspondence @oaanergy curve for the trigger
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pulse, corresponding to a minimum (critical) switching yes; ~ 10fJ, which has been
calculated assuming 100 mW of optical power inside the gawitagreement with the output
optical power and coupler efficiency measured in real devigdth the same data, and after
each pulse is applied, we calculate the time it takes thesysb reach one half of the value
of the intensity of the final stateP(,). This time ¢r from now on) is an estimation of the
response time of the system to the trigger pulse, and clegizes the switching speed (see
Fig. 5). Due to the presence of noisgundergoes a statistic distribution, that we characterize

through its mean value tg > and variancesgr = 4/ < t% > — < tg >2 for different values of
the trigger energy. From Fig. 5 we can determine the optimatgy of the optical pulse. For
pulses with energies lower than 5 fJ the response time digergp one should avoid using
such pulses. Increasing the energy of the pulse beyond Bdiipes a very limited decrease of
the switching time, so there is little advantage in usingrsger pulses. Therefore the optimal
energy of the pulse seems to be around 5 fJ. At this optimaitploé switching time is found
to be below 100 ps. This result is practically independetihetrigger shape. The values of the
error bars, corresponding tiy, are comprised inside the symbol sizes which indicates fiiat
the parameter we have considered, the fluctuations in thieteng time are very small. The

10
—e—1/T=0.05
—=—1/T=0.075
1° ——1/T=0.1

tR[ns]

72| Il Il Il Il Il
0 10 20 30 40 50
Energy [fJ]

10

Fig. 5. Statistics of the response tittaevs dimensionless trigger pulse amplituledots:

mean value< tg >; error barsor = /< t,% > — < tg >2 for differentt/T. Parameters as
in Fig. 3.

obtained response time is throughout much shorter thamwleesie of the relaxation oscillation
frequency frel.ox = fraiox Wherefrelox = 2—“1% \/Y( — 1) ~ 1GH?2) for our parameter values.
This accounts for the fact that the switching itself repnésan energy redistribution between
the two states of the electric field, where field-medium epersghange processes do not come
significantly into play during the switching.

5. Conclusion

In conclusion, we have theoretically investigated the greiece of a bistable regime in a two-
mode model for a SRL. The bistability takes place between daunter-propagating quasi-
unidirectional solutions for the electric field, which walbove threshold are stable solutions
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due to the cross-saturation mechanism in the gain. In tisimliie regime we have analyzed
the switching from one quasi-unidirectional solution te ttounter-propagating one induced
by the injection of a coherent optical pulse, in view of thegble implementation of a single
SRL as an optically addressable memory element. We havel fthat the switching time of
the system depends mainly on the energy of the pulse rathermth its amplitude or duration.
For pulses of energy around 5 fJ the switching time is belo@/@d€ It turns out that pulses of
this energy are about optimal in the sense that the switdimimg diverges for weaker pulses
and there is limited advantage in using stronger pulses5@ofJ pulses the switching time
reduces to about 20 ps). These values are robust againséepons emission noise and rather
insensitive to the trigger shape (e.g. we have obtainedaimesults for square or gaussian
pulses). These values are expected to scale down with theedemius, due to the consequent
decreasing of the cavity flight time. In principle, fastpsbr sub{ps) time scales would require
more sophisticated (e.g. traveling-wave) modeling apgrpand will be the subject of future
investigations.
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