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Multimode lasing in two-dimensional fully chaotic cavity lasers
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Multimode lasing in a fully chaotic cavity is investigated numerically by using a nonlinear dynamics model.
We report a transition process from single-mode lasing to multimode lasing and reveal interactions among the
lasing modes. In particular, both mode-pulling and mode-pushing interactions are shown to decrease the
number of effective lasing modes. In addition, coexistence of different types of attractors of the final lasing
states is numerically confirmed.

DOI: 10.1103/PhysRevE.71.046209 PACS nuni$)er05.45.Mt, 42.55.Sa, 42.65.5f, 42.65.Pc

I. INTRODUCTION ing, it is important to study interactions among many modes.

Two-dimensional(2D) microcavity lasers have attracted Recently, a semiconductor laser diode with the shape of a
attention not only from the viewpoint of practical use but Stadium has actually been fabricated, and the lasing in the
also from the perspective of fundamental physics, becausgdVvity has been demonstratgtdl]. We note that the ray tra-
they can exhibit new types of laser action owing to the morJectories show chaos in a stadium cayity]. The emissions
phological effects of the cavity shape. For example, microin the far-field have been explained by a ray dynamics
disks can confine light efficiently due to total internal reflec-model, which gives a distribution of the emission angles of
tion and they have a high quality factdt,2]. Lasing in  rays which are confined inside the cavity for a long time and
whispering gallery modes has been realized in microdisk lafinally violate the critical angle condition. However, the de-
sers. For application to optical systems, microdisk lasergailed physics of the lasing are not yet understood.
have two problems: weak output power and no directionality. In this paper, we numerically investigate multimode las-
To solve the two problems, deformed microdisk cavity laserdng and the dynamics in a stadium-shaped cavity by using
have been proposed and directional emissions have beéhe Schrodinger-Bloch model. Although this model is simpli-
achieved 1,3,4]. fied compared to a prior theoretical model that describes the

Conventional theoretical approaches to 2D microcavitydynamics of quantum operators of the light field and semi-
lasers, such as microdisk lasers, use ray dynamics, and tigenductor material in detai[13], the Schrédinger-Bloch
lasing modes have been described as linear resonance modagdel can qualitatively reproduce a phenomenon observed
which correspond to the set of the ray trajectories satisfyingn a real experiment, as shown in REE0]. We obtained the
the critical angle condition. In deformed microdisk lasers, itfollowing results by using this modeli) In the multimode
is also possible to describe the relation between the ray trdasing state, not only mode-pulling interaction but also
jectories and linear resonance modes. The emission pattemode-pushing interaction occurs. It is shown that the mode-
of the deformed microdisk lasers can be explained by th@ushing interaction reduces the number of lasing mogies.
linear resonance modé&4—7]. In fully chaotic cavity lasers, There exist multiattractors of the final lasing states for suffi-
however, there are no ray trajectories satisfying the criticatiently high pumping power. That is, the final lasing state
angle condition, and the resonance modes in the cavity ddepends on the initial state of the light field.
not have a simple description in terms of ray trajectories.

In a theoretical approach for fully chaotic cavity lasers, it
is important to take into account nonlinear interaction be-
tween the light field and an active medil@). A nonlinear First let us explain the Schrédinger-Bloch model. The dy-

dynamical treatment of 2D microcavity lasers has been €A mics of the slowly varving envelope of the electric fiBld
ried out with the Schrédinger-Bloch model. This model con- y varying b

sists of the(classical Maxwell equations and the optical the polarization fiel, and the population inversion compo-

) : L . . nentW is described by this model when the 2D microcavity
Bloch equations which describe time-evolution of the active. ' ; . L .
-is confined in a waveguide which is wide in thg direc-

medium. So far, single-mode lasing and two-mode lasing in. 9%
fully chaotic cavities have been studied by using the dynamrilons’ and the refractive index suddenly changes on the edge

ics model. For example, in Refi9], it is shown that single- of the cavity

mode lasing can be well explained by one resonance mode. -~ 5

In Ref. [10], nonlinear interaction between two modes is E_'_(Vz +ﬂ_>~E_a (x )~E+ 27Nkt )
studied, and it is shown that locking between two resonance T2\ 2 LY p:
modes of different symmetry classes leads to an asymmetric

lasing pattern. However, interaction among more than two

lasing modes has never been studied in detail. Since laser i = —iAgp -7, P+ *WE 2)
action in real experiments typically occurs in multimode las- 0 * '

1. NONLINEAR DYNAMICS MODEL

n

1539-3755/2005/7%)/0462095)/$23.00 046209-1 ©2005 The American Physical Society



SUNADA, HARAYAMA, AND IKEDA PHYSICAL REVIEW E 71, 046209(2005

W ~ e -0.05 -0.03 Rea

— ==y(W-W,) - 2k(Ep +Ep), 3 ; .

n eel eol
where space and time are made dimensionless by the sca . : * o2 ec2 .
transformation(n;,wex/ c, N wsy/c) — (X,y) and tws—t, re- o . ®® £
spectively. In the aboveys is the oscillation frequency of a ¢ s ool
light field that is slightly different from the transition fre- A
guencywy of the two-level medium, and the refractive index oel 4 001

n equalsn,, inside the cavity ana,, outside the cavity, and
oy (x,y) is the linear absorption coefficient, which is the con-
stantq, inside the cavity and zero outside the cavity. The

. . . ~ ~ % X (/ ()
two (dimensionlessrelaxation parametefs, and%,, are the T ZRPHCRENE '3..,.?3!2@‘;1‘1,,,.3
transversal relaxation rate and the longitudinal relaxationERSREHEINIS et e

rate, respectively, and/, is the external pumping parameter.
'« is the dimensionless coupling strength, aky wg/ ws—1.
A, plays the role of the gain center.

A stadium cavity consists of two half circles of the radius
R=98/y2 and two flat lines of the lengthR2 We set the . _
refractive index inside and outside the stadiummte=2 and gy Saantttnilte h IAGPION
nou=1, respectively. The other parameters are given as fol-seNTCUMORL (=S | 'm;«'?}”.“mﬁ/ s PSS 07
lows: ,=0.003,7y, =0.006,e=4.0, ¢ =0.004,N«%iy=1.0, ' e A
'xk=0.5, andA,=-0.03. In this model, all of the quantities are
made dimensionless. If we were to assume the wavelength
the lasing mode to be 0,8m, the flat line of the length of
the stadium would be 2.24m.

By neglecting the absorption term and the polarization|

term and assuming the envelope of electric fieldscillates

asE=</;e““ in the approximated Maxwell equatiqd), the
eigenvalue(resonance A and the wave function) corre-
sponding to the resonance can be obtained as follows:

2 FIG. 1. (Color) The resonances and the corresponding wave

|:V)2(y+ <2A + n_2>:|¢-: 0, (4y  functions of a stadium cavity.
Nip

where theA is a complex value because the cavity is an oper{e”.n’ .the _mode has a Ipossll]blllty rt10 lﬁsﬁ' Howeyer, .th'ls de-
system. TheA and ¢ can be calculated by the extended SC'Ption Is correct only when the light intensity is low

boundary element methgd4]. We show the resonances and e”9U9h- !\/Ioreover,_ when many modes have a positive tOt‘T"I
the wave functions of the stadium cavity of tR&98/12 in lasing gain, the lasing condition based on the linear analysis

Fig. 1. The real and imaginary parts of therepresent, re- is less effective at explaining the lasing states. Therefore, we

spectively, the resonant frequency and decay rate of the res62my .OUt ”“'T'e”C?' S|mulat|<_)ns on th_e Schrodinger-Bloch
equations to investigate multimode lasing.

nance mode.
It is important to note that the stadium cavity is symmetric IIl. RESULTS OF NUMERICAL SIMULATIONS
with respect to thex andy axes. The resonances are divided
into  four symmetry classes up(—X,Y)=ay,(X,y) A. Multimode lasing
and Yap(X, —y) =byap(X,y) with the paritiesae {+,-} and Here, we explain a transition process from single-mode

be{+,-}. In the labels of the resonances shown in Fig. 1,lasing to multimode lasing when the pumping powey is
“e” and “0,” respectively denote the-(even and —(odd  increased. Fow,=0.15X 1073, only the modesol shown in
parities of the resonance wave functions. Fig. 1 has a positive total lasing gain, because the frequency
The lasing possibility of a resonance mode can be preef modeeol is close to the gain center, and the decay rate is
dicted by linear analysis of the nonlinear dynamics modekmall. In this case, even a mode with the smallest decay rate
(1)—~(3). In a linear description in which the nonlinear term of (i.e., modeeel) cannot obtain any lasing gain, because its
Egs. (1)<(3) is neglected, one can calculate the lasing gairfrequency is far from the gain centdp=-0.03. Therefore,
which is a Lorentzian function in frequency space and maxi-only modeeol can lase. This can be confirmed by the optical
mum for a resonant frequency Re=A,. Whether a mode spectrum in the stationary regime and the wave function of
can lase depends on total lasing gain. The total lasing gain ige final lasing state, as shown in Fig. 2. The optical spec-
given as the first-order correction of the imaginary part of thetrum has only one peak corresponding to the frequency of
resonance frequency due to the presence of the linear absompodeeol. In addition, one can see that the lasing pattern of
tion and the active mediufi®]. When a mode has a positive the final lasing state shown in Fig. 2 corresponds well to that
total lasing gain, that is, the lasing gain exceeds the total lossf modeeol shown in Fig. 1.
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FIG. 3. (Color) The optical spectrum when the pumping power
W,,.=0.3% 1073, The wave functions of the lasing modes correspond
to the peakga) and (b), respectively.

FIG. 2. (Color) The optical spectrum and the wave function

when the pumping powen,,=0.15x 1073, g (@ (o) (¢) (d)(e)
2108 |
For W,.=0.25x 103, modeed? can also have positive & n r
total lasing gain and starts to lase. Mogle interacts with S |

6 | I il
mode eol, and the optical spectrum has two main peaks‘“10 f/\ /iy

corresponding to the frequencies of the two modek and

ower Spec
\

ea2 and the harmonics of the two modes. Fot,=0.3 100 E W‘un W‘AU'\,}W i
X 1073, the modeoel starts to lase. In this lasing state, mode & L i L 4
o€l interacts with the two mode=ol andea?. In Fig. 3, we -0.04 -0.03 -0.02

show the optical spectrum in this lasing state and the wave Frequency A

functions of the lasing modes corresponding to the peaks o
the optical spectrum. The wave function of the lasing modes
with the frequency is given as follows:

- 17~ .
E(A,r) = lim ?f E(t,r)e2dt. (5)

T—o 0

In actual calculations, we s&=104857.6, and the value of
the frequencyA is determined from the peaks of the optical
spectrum. Comparing the lower panel in Fig. 3 with that in
Fig. 1, one can see that the lasing mode for p@mlkcorre-
sponds to the resonance mogl&2. On the other hand, the
lasing mode for peaka) is slightly asymmetric with respect
to the x andy axes, and does not correspond to any reso-

nance modes. This asymmetricity can be explained as fol- 5 4 (Colon The optical spectrum when the pumping power

lows. Since the difference in the frequencies of the twoy, -3 gx 103 The wave functions of the lasing modes correspond
modeseol andoel is small, the frequencies of two modes ¢, the peaksa—(e). The wave functions of the peaks) (green

eol andoel are easily locked so that the difference in thejine), (c) (blue ling, (d) (red ling, and(e) (purple ling correspond
frequencies becomes zero. Superposition of the two differenp those of resonance modesl, ea2, ool, andee2, respectively,
parity modes with the same frequency yields an asymmetrig/hile the wave function ofb) (green ling is the locked state of
pattern[10]. Moreover, the locked state of the two modesmodeseol, oel, andoo2. The other peaks shown by green line are
ecol andoel interacts with modec2. Therefore, the optical the harmonics of modé) and (b).
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FIG. 5. TheW.,, dependence of the position of the peaks in the -ED
optical spectrum. The peaks labeled by leti@s(f) correspond to o v
the lasing modes in Fig. 4. The lasing modes labeletahy(c), (d), — 40 (iii)
and(e) correspond to the resonance moees, ea2, 0ol, andee? |
in Fig. 1, respectively. The mode labeléd) corresponds to the
locked state of the three resonance moelgls oel, andoo2. In this 10000 1 5.000 20000
figure, since the difference in the frequencies among medés Time

oel, andoo2 is small, one cannot see the locking process of the
three modes. The peaka) and(b) are pulled toward each other as
the pumping power increases. The peaks indicatetchy(d), and
(e) are shifted and leave the gain center. The p@lkand a har-
monic of modega) and(b) are locked foW,.=2.25x 1073. On the
other hand, the peaks) and(d) are not locked with any harmonic. One can see that the pe&d approaches a harmonic of
The intensities of the two lasing modés and(d) decrease as the modes(a) and(b) and finally at around\,,=2.25x 1072 the
two modes leave the gain center, and disappear Vib=8.0 two peaks merge. On the other hand, the pdaksand (d)
X 1073, are not locked and are pushed from the gain center. When a
J ode is separated from the gain center, it obtains less lasing
g]ain. As can be seen in Fig. 5, the intensity of the pushed
Figure 4 shows the optical spectrum fdf,=1.6x 103 modess de_creases and these modes dlsappeal_\/ot@rao_
where the peaks correspond to meté, oel, e, eel, ee2, X 107°, This result shows that t_he mode-pushing interactions
001, andoo2. In this figure, it is observed that the lasing Nave the effect of mode selections.
modes for the peaks @8), (c), (d), and(e) correspond to the
resonance modesel, ed?, 0ol, andee?, respectively. On
the other hand, one can see strong asymmetricity in the las-
ing mode(b). This can be explained by the locking of three ~ The final lasing state discussed above mainly consists of
different parity modeol, oel, andoo2, because the fre- modeseol, oel, 002, e€l, andee. The three modesol,
guency of modeo2 is close to that of the locked state of oel, andoo2 are locked, and modee? is locked with the
eol andoel. In this multimode lasing, since a mode interactsharmonic of the locked state and moelel. Therefore, this
with many modes, many harmonics are observed in the oginal lasing state is a limit cycle attractor formed by the in-
tical spectrum. teraction among the lasing modes, whose time evolution is
For W.,>1.6x 1073, all resonance modes shown in Fig. 1 shown in Fig. i), and the time-averaged lasing pattern be-
can have positive total lasing gain. However, only somecomes asymmetric with respect to thandy axes due to the
modes can lase. This is caused by mode competition foiocking of many modes, as shown in Fidi)7
obtaining lasing gain. Only a limited number of modes can When the pumping power is weak, all initial states of the
contribute to the lasing state even in the case of strong pumgight field converge to the same attractor by the time evolu-
ing. tion. However, we found two attractors in addition to this
In Fig. 5, we show th&V,, dependence of the position of attractor in the case of strong pumping power. That is, the
the peaks in the optical spectrum. The frequency shifts irfinal lasing state depends on the initial state of the light field.
Fig. 5 are caused by two types of mode interaction: modé/Ve call the first attractor type |, and the other two attractors
pulling and pushing. The labels)—(f) in Fig. 5 correspond type Il and type III.
to the lasing modes shown in Fig. 4. In Fig. 5, mot®sand The type-Il attractor is a lasing state which consists
(b) pull each other, and the harmonics are also shifted aomainly of modeseel, eal, ea2, ool, andoo2. The attractor
cording to mode-pulling interaction between modasand can be observed folV,,>4.22x 1073 As the pumping
(b), while the shifts of the three peaks), (d), and(e) are  power increases, the mode-pushing interaction acts on modes
caused in the direction that leaves the gain cemigr ed2 andool. As a result, the intensities of the two modes
=-0.03. decrease, and the two modes finally disappear, because the

FIG. 6. The light intensity inside the cavity vs time of typ&)l,
type Il (ii), and type llI (i), when the pumping powew, =10
x 1078,

spectrum also shows the harmonics of the locked state a
modeeol.

B. Multiattractors
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respect to thex andy axes due to the locking of the two
modese&2 andool, as shown in Fig. (ifi ).

IV. SUMMARY AND DISCUSSIONS

In this paper, we have investigated multimode lasing in a
stadium-shaped cavity laser by employing the Shrodinger-
Bloch model. Various mode interactions have been observed.
We showed that multimode lasing states do not necessarily
consist of all resonance modes with positive total lasing gain;
some modes winning in the mode competition can lase.
When the pumping power increases and mode couplings be-
come strong, both mode-pulling and mode-pushing interac-
tions occur in the lasing state. The mode-pushing interaction
suppresses some modes by separating the lasing frequencies
from the gain center, while the mode-locking interaction uni-
fies two or three lasing modes to form one locked mode.
Consequently, both interactions work so that the number of
effective lasing modes decreases.

We have carried out similar analysis also for a circular
cavity [15]. For the circular cavity, it has been never ob-
served that the number of lasing modes decreases due to the

FIG. 7. (Color) The time-averaged wave functions of typé)l  effects of the mode selection and the integration of mode
type Il (ii), and type IIi (iii), when the pumping poweW..=10  even for high pumping power. We expect that the difference
X 1073, can be explained by the difference in mode-coupling struc-

pushed modes are separated from the gain center and Iose,tH{e between nonchaotic cavity lasers and fully chaotic cav-

the mode competition. FON,,=10X 1073, the attractor be- Ity lasers. _ _
comes another limit cycle, as shown in Figii§ where the We have also shown the existence of multiattractors of the

locking mode ofeol andoo2 exists and the locking mode final lasing states. The number of attractors depends on the

interacts witheel. The time-averaged lasing pattern becomePumping power. We numerically confirmed two attractors for

asymmetric with respect to theaxis due to the locking of 4.22X10°<W,<6.0x10°° and three attractors for 6.0

the two modesol andooz, as shown in F|g (ﬂ) X 10_3< W... Each attractor consists of different |aSing
The type-IIl attractor consists mainly of modesl, eol modes. Thus, the time-averaged lasing patterns of the attrac-

and the locked state @fol andee?. In the 0ptica| Spectrum tors are different to each other. The existence of multi-

of this lasing state, although many modes are observed conditractors might be used to switch the emission patterns.

pared with the above two attractors, the amplitudes of the

other modes expept f(_Jr modesl, e.ol and th(_a Io_cked state ACKNOWLEDGMENTS

are small. The intensity changes in a very intricate way, as

shown in Fig. 6iii), suggesting that this attractor might be  The work at ATR was supported in part by the National

chaotic. This attractor can be observed Yy >6.0x 1073, Institute of Information and Communication Technology of

The time-averaged lasing pattern becomes asymmetric withapan.
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