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Suppressing spatiotemporal
lasing instabilities with
wave-chaotic microcavities
Stefan Bittner1, Stefano Guazzotti2, Yongquan Zeng3, Xiaonan Hu3, Hasan Yılmaz1,
Kyungduk Kim1, Sang Soon Oh2,4, Qi Jie Wang3, Ortwin Hess2*, Hui Cao1*

Spatiotemporal instabilities are widespread phenomena resulting from complexity and
nonlinearity. In broad-area edge-emitting semiconductor lasers, the nonlinear interactions of
multiple spatial modes with the active medium can result in filamentation and spatiotemporal
chaos.These instabilities degrade the laser performance and are extremely challenging to
control.We demonstrate a powerful approach to suppress spatiotemporal instabilities using
wave-chaotic or disordered cavities.The interference of many propagating waves with random
phases in such cavities disrupts the formation of self-organized structures such as filaments,
resulting in stable lasing dynamics.Ourmethod provides a general and robust scheme to prevent
the formation and growth of nonlinear instabilities for a large variety of high-power lasers.

S
ystems with complex spatiotemporal dy-
namics can exhibit instabilities and even
chaotic dynamics, as seen for example in
weather patterns, turbulent flow, popula-
tion dynamics (1), or chemical reactions

(2). Beyond natural occurrences, spatiotemporal
instabilities also appear in sophisticated techno-
logical systems such as fusion reactors exhibiting
plasma instabilities (3) or type II superconduc-
tors with complex vortex dynamics (4). Lasers

are another important class of systems exhib-
iting inherent spatiotemporal instabilities and
deterministic chaos due to the nonlinear inter-
action of the light field with the active medium
(5–7). The underlying nonlinearities are particu-
larly pronounced for high-power lasers, which
have a large transverse area and operate onmany
spatial (transverse) modes. Nonlinear modal inter-
actions entail spatiotemporal instabilities, such
as irregular pulsation and filamentation [e.g., in

broad-area edge-emitting semiconductor lasers
(8–14)], that degrade the spatial, spectral, and
temporal properties of the emission.
Because high-power lasers have widespread

applications in materials processing, large-scale
displays, laser surgery, and pumping sources,
much effort has been invested in suppressing
lasing instabilities. Most proposed strategies seek
to reduce the level of complexity by reducing the
number of lasing modes. For broad-area semi-
conductor lasers, this can be achieved by external
control [e.g., through injection of a coherent
signal (15, 16) or delayed optical feedback (17–19)]
or schemes based on parity-time symmetry (20, 21).
These approaches, although successful with mod-
erate powers, quickly become less effective when
increasing the cavity size in order to harness
more power. An external control signal applied
via injection or feedback through the cavity
boundary has a diminished effect deep inside
a large cavity, and thus it fails to control the
dynamics over the whole cavity. Furthermore,
these approaches are typically sensitive to ex-
ternal perturbations and require a careful adjust-
ment of parameters to reach stabilization.
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Fig. 1. Spatiotemporal instabilities of an electrically pumped
edge-emitting semiconductor laser. The top metal contact is 60 mm
wide and 0.98 mm long. (A) Spatiotemporal image of the emission
intensity I(x, t) at one of the cleaved facets. The stripe laser was
injected with an electric current of 400 mA and 2-ms pulses; the
lasing threshold current was Ith = 230 mA. The image was taken
0.37 ms after the start of the pump pulse, well beyond any turn-on
transient. Part of the emission stems from outside the region of
the top contact (marked by white dashed lines) as a result of

lateral spread of the injected current in the GaAs. (B) Image of
electroluminescence from the end facet for a pump current of
100 mA (below threshold) and a pulse length of tp = 20 ms. The emission
is spatially homogeneous without any visible defects. (C) Temporal
Fourier transform of I(x, t) in (A). (D) Sketch of a rectangular
Fabry-Perot cavity of length L and width W where L >> W. The wave
vector can be separated into longitudinal and transverse components
kl and kt, respectively. Because kl >> kt, the lasing modes propagate
predominantly in the longitudinal (y) direction.
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Our approach aims to eliminate spatiotemporal
instabilities in broad-area edge-emitting semi-
conductor lasers without reducing the number of
lasingmodes and is thus applicable to high-power
operation. Instead of suppressing the filaments
via external signals, we disrupt the coherent
nonlinear processes that lead to their formation
by using cavities with complex spatial structure
to create many propagating waves with random
phases. The complex interference of these waves
prevents the formation of self-organized struc-
tures such as filaments that are prone to modula-
tional instabilities.We demonstrate the generality
and robustness of this approach through ex-
periments and numerical simulations with two
different systems: (i) two-dimensional (2D)micro-
cavities featuring chaotic ray dynamics and (ii)
1D cavities with random fluctuations of the
refractive index. The chaotic ray dynamics and
the structural disorder, respectively, are respon-
sible for the creation of multiwave interference
effects.

Conventional broad-area
edge-emitting lasers

We first show the complex spatiotemporal
dynamics of GaAs quantum well lasers in the
widely used stripe geometry. The reflections
from two cleaved facets in the longitudinal
direction (parallel to the stripe axis) and gain
guiding in the transverse direction (perpendicular
to the stripe axis) provide optical confinement
(22). Spatiotemporal traces of the lasing emission
intensity at one end facet were measured by a
streak camera with picosecond resolution (22).
As shown in Fig. 1A, the lasing emission is spa-
tially concentrated at multiple locations—so-
called filaments—that sometimes move in the
transverse direction (8–10). Emission patterns
(fig. S5) measured during the same pulse as in
Fig. 1 demonstrate that the lasing emission can
change suddenly from a nearly uniform distribu-
tion to concentration in small regions or fila-
ments. Such diverse emission profiles illustrate
that the formation of filaments is an inherent
feature of the lasing dynamics and is not due to
inhomogeneities of the cavity. This is confirmed
by an electroluminescence image taken below
lasing threshold (Fig. 1B) displaying a homoge-
neous intensity distribution across the facet.
Furthermore, the lasing emission oscillates
rapidly and irregularly in time (Fig. 1A). The
spatially resolved temporal Fourier transform
of the emission intensity I(x, t) (Fig. 1C) reveals a
number of frequency components up to about
1.5 GHz, which accounts for the irregular oscil-
lations on a nanosecond time scale.
The filaments are formed through spatio-

temporal nonlinear processes including spatial
hole burning, carrier-induced index variation,
and self-focusing (8–14). The stripe laser cavity
is of Fabry-Perot (FP) type, and the light field
propagates predominantly in the longitudinal
direction. The wave vector component in the
longitudinal direction, kl, is much larger than
that in the transverse direction, kt. Consequently,
the transverse wavelength lt = 2p/kt is typically

on the order of a few micrometers, and much
longer than the longitudinal wavelength ll =
2p/kl. A variation of the field intensity in the
transverse direction on the scale of lt can result
in filamentation due to carrier-induced index
changes: A region of increased intensity depletes
the gain, thus raising the refractive index locally
and forming a lens. The lens will focus light and
further enhance local intensity. This self-focusing
process generates a filament with a typical width
of several micrometers, comparable to the trans-
versewavelength. Because the optical gain is less
depleted outside the filament, the filament tends
tomigrate transversely to the neighboring region
of higher gain. Meanwhile, additional filaments
may form at locations of less carrier depletion.
These filaments will interact nonlinearly via the
semiconductor quantum well. As a result of dy-
namic gain and nonlinear interaction, the fila-
ments vary in space and time, leading to complex
spatiotemporal dynamics and instabilities (9).
The resulting degradation and temporal fluc-
tuations of the output profile limit the laser
applications.

Wave-chaotic microcavity lasers

Microcavities with chaotic ray dynamics (23–25)
have been studied in the context of wave-
dynamical chaos (26). The resonant modes of
the passive cavities are determined by a linear
wave equation and do not exhibit chaos in the

sense of an exponential sensitivity to the initial
conditions. However, the chaotic ray dynamics
manifests in the spatial and spectral properties
of the cavity resonances; for example, the spatial
field distributions feature a pseudo-random,
speckle-like structure. Such wave-chaotic micro-
cavities have been used to tailor steady-state lasing
properties such as output directionality, lasing
threshold, and lasing spectrum (23–25, 27, 28).
Here, we investigate the temporal dynamics of
such lasers.
As an example, we consider a D-shaped cavity

(Fig. 2A), which has fully chaotic ray dynamics.
A single trajectory (Fig. 2B) generally covers the
entire cavity and propagates in all possible di-
rections. The classical ray dynamics manifests
in the spatial structure of the resonant modes
(Fig. 2C). The intensity distribution features an
irregular, pseudo-random structure, reminiscent
of a speckle pattern with an average grain size
of l/(2n), where n is the refractive index. The
characteristic length scale is isotropic, in con-
trast to the FP-cavity modes that feature a larger
transverse wavelength than longitudinal wave-
length. The wave vector distribution (Fig. 2D)
reveals that the D-cavity mode is a superposi-
tion of numerous plane waves in all possible
directions.
These features of the chaotic cavity modes

directly affect the lasing dynamics: Because the
spatial structure of the modes is so fine-grained

Bittner et al., Science 361, 1225–1231 (2018) 21 September 2018 2 of 6

x 
(µ

m
)

y (µm)

0

1
C

k
( µ

m
)

x
-1

k ( µm )y
-1

|H
(k

, k
)|

 (
no

rm
. u

ni
ts

)
z

x
y

0

1
D

B

0 20 40-20-40
-40

-20

0

20

40

A
R

R/2

x

N
or

m
al

iz
ed

 in
te

ns
ity

0 10 20-10-20

0

10

20

-10

-20

Fig. 2. D-cavity with chaotic ray dynamics. (A) Geometry of the D-cavity. A section is removed
from a circle with radius R along a straight cut R/2 away from the center. The coordinate along this
segment of the boundary is denoted by x. (B) A typical ray trajectory in a closed D-cavity covers
the entire cavity and propagates in all directions. (C) Intensity distribution of a typical high-Q
mode (l = 800.4 nm, Q = 3443) in a dielectric D-cavity with radius R = 20 mm and refractive index
n = 3.37. (D) The wave vector distribution of the same mode is isotropic, indicating that there is no
dominant direction of propagation.
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in all directions, the spatial extent of field in-
tensity variations is too small to create a lens-
ing effect, and additionally there are no dominant
propagation directions that light could be focused
toward. These qualitative differences of the mode
structure and the associated length scales rel-
ative to FP cavities result from complex multi-
wave interference and can prevent the formation
of coherent spatiotemporal structures such as
filaments.
We fabricated D-cavity lasers by photo-

lithography andwet or dry (reactive ion) etching
(22). Figure 3A shows a scanning electron
microscopy (SEM) image of a cavity fabricated
by reactive ion etching. Figure 3B is the spatio-
temporal trace of the lasing emission intensity
I(x, t) at the straight segment of the boundary
of the D-cavity. Relative to the emission trace
in a 10-ns interval for the stripe laser (Fig. 1A),
the D-cavity laser emission has nearly constant
intensity and does not exhibit rapid pulsations.
The temporal Fourier transform of I(x, t) in Fig.
3C confirms the absence of gigahertz frequency
oscillations, in contrast to Fig. 1C. The spatio-
temporal trace of the D-cavity laser (Fig. 3D)
over a time interval of 1.5 ms reveals temporal
fluctuation of the emission intensity on amuch
longer scale of ~100 ns.
The temporal fluctuations of the emission

spectrum were measured by a spectrometer
equipped with an intensified charge-coupled
device (ICCD) camera (fig. S2) (22). The time-
resolved emission spectrum (Fig. 3E) consists of
multiple lasing peaks at any given time. Each

peak persists for tens or even hundreds of nano-
seconds, and is then replaced by new peaks at
different wavelengths.
To quantify the time scales of the spatio-

temporal and spectrotemporal dynamics, we
calculated the autocorrelation functions of the
spatio- and spectrotemporal data and determined
the corresponding correlation times (fig. S4) (22).
The correlation times are tðlÞcorr = 94 ns and tðxÞcorr =
83 ns, respectively, for the measurements shown
in Fig. 3. Therefore, the spatio- and spectrotem-
poral dynamics of the D-cavity laser feature the
same characteristic time scales. They are about
two orders ofmagnitude slower than those of the
stripe laser (≤1 ns). These results were further
confirmed by measurements of other D-cavity
lasers with different size.
As seen in Fig. 3, B and D, the lasing emission

from the straight segment of the D-cavity is
spatially inhomogeneous. This inhomogeneity
is not caused by defects on the sidewall, as con-
firmed by the smooth electroluminescence pro-
file in Fig. 3A. When the pump current increases,
a spatially inhomogeneous emission pattern
gradually develops (see fig. S7). The intensity
profile for 500 mA (Fig. 3F, dashed blue line)
exhibits two distinct length scales. The coarse
scale, on the order of several tens ofmicrometers,
represents the size of the dark region in the mid-
dle and the bright regions of strong emission
around it. The fine scale, on the order of a few
micrometers, is the width of the narrow peaks
inside the bright regions. Experimentally, the
coarse scale is proportional to the cavity size (see

fig. S7), whereas the fine scale is limited by the
spatial resolution of the imaging optics. Accord-
ing to numerical simulations (22), the coarse-
scale emission profile reflects the sum of the
intensity distributions of the passive D-cavity
modes with high quality (Q) factors. Those high-
Qmodeswithin the gain spectrum correspond to
the lasingmodes because of their low thresholds,
and their intensity distributions determine the
total emission profile. The calculated emission
intensity profile shown as red solid line in Fig. 3F
(also see fig. S9) (22) agrees well with the coarse
structure of the measured emission profile. While
the coarse structure is maintained throughout
the pulse, the fine-scale peaks appear or disappear
over the course of the pulse as different lasing
modes turn on or off.
Next, we show that the remaining fluctuations

of the laser emission from wave-chaotic cavities
result from thermal effects. The current injection
causes sample heating, which modifies the re-
fractive index of the cavity and the gain spectrum
of the quantum well. Consequently, the lasing
modesmay change, leading to dynamic variations
of the emission spectra as well as the spatial
emission intensity distributions. To investigate
the thermal effects, we increased the pump pulse
length tp to 200 ms. After the turn-on of the pump
current, the sample temperature first rose quickly,
then gradually stabilized. If heating effects were
relevant, the lasing dynamics would slow down
over time.
Figure 4A presents the spectrotemporal data

for a D-cavity laser with R = 200 mm. Over a time
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Fig. 3. Lasing dynamics in a D-cavity with radius of 100 mm fabricated
by reactive ion etching. (A) Top-view SEM image (left) and optical
image of the electroluminescence on the straight boundary segment
(right). The pump current for the electroluminescence image was 3 mA,
well below the lasing threshold of Ith = 150 mA. The intensity profile is
homogeneous. (B) Spatiotemporal image of the emission intensity, I(x, t),
at the straight segment for a pump current of 500 mA during a 10-ns
interval at 1.4 ms after the start of a 2-ms pump pulse. (C) Temporal Fourier

transform of I(x, t) in (B), demonstrating the absence of nanosecond-scale
oscillations. (D) Spatiotemporal image of the emission intensity during
the interval 0.4 to 1.9 ms. (E) Spectrochronogram for the same pump
conditions as in (D), measured with temporal resolution of 50 ns.
(F) Lasing emission intensity distribution at the straight segment for a
pump current of 500 mA, measured with the CCD camera and integrated
over a 2-ms pulse (blue dashed line). Also shown is the numerically
calculated emission profile of high-Q modes (red solid line).

RESEARCH | RESEARCH ARTICLE
on O

ctober 22, 2018
 

http://science.sciencem
ag.org/

D
ow

nloaded from
 

http://science.sciencemag.org/


interval of tp = 200 ms, the lasing spectrum
exhibits a continuous shift to longer wavelengths
due to the increase of the sample temperature.
However, the red shift of the lasing spectrum
notably slows down during the later part of the
pump pulse, and individual peaks last longer in
time.We computed the center ofmass (COM) for
the time-resolved spectrum lCOM(t) and found
that it is fitted well by an exponential function,
lðfitÞCOMðtÞ ¼ l0 � l1expð�t=tthÞ, with a decay time
tth = 174 ms (22). The slope dlðfitÞCOMðtÞ=dt gives the
rate of the spectral shift. The sample temperature
gradually stabilizes during the pulse, as indicated
by the decreasing slope of lCOM(t) from 0.5 nm/ms
during the first two microseconds to 0.01 nm/ms
at 170 ms (Fig. 4D).
To characterize the change of the time scale

of the emission fluctuations, we measured the
time-resolved spectra at different times during
the 200-ms pulse with better temporal resolution.
The spectral correlation time for a D-cavity laser
increases from tðlÞcorr = 90 ns during the first 2 ms
(Fig. 4B) to 7.2 ms during the interval 150 to
190 ms (Fig. 4C). Figure 4D shows the correlation
times and slope of lCOM at different times during
the pulse, illustrating how the emission fluctua-
tions slow down as the temperature stabilizes.
Spatiotemporal measurements also confirmed
that the lasing dynamics become more stable
with time (Fig. 4, E and F).
These results illustrate the effect of the tem-

perature change on the lasing dynamics, and
indicate that better thermal management can

lead to a further stabilization of the temporal
dynamics of wave-chaotic lasers. This is in stark
contrast to the wide-stripe lasers, which did not
exhibit a stable dynamics at all. Fast oscillations
and pulsations on a nanosecond time scale per-
sisted until 200 ms, even though the emission
spectra indicated that the sample had reached a
thermal equilibrium after ~50 ms (fig. S6) (22).
We also tested theD-cavity lasers fabricated by

wet chemical etching. Although the cavity side-
walls are not vertical and are rougher than for
fabrication by reactive ion etching, the spatio-
and spectrotemporal dynamics of the lasing emis-
sion are very similar (fig. S11) (22). These results
demonstrate the robustness of the stable lasing
dynamics against fabrication imperfections in a
wave-chaotic cavity. However, the spatial emis-
sion profile differs from that of a dry-etched
cavity. This is attributed to the modification of
the mode structures by the rough boundary, and
was confirmed by numerical simulations (fig. S12)
(22). Even in the presence of boundary roughness,
the complex wave interference persists in the
wave-chaotic cavities and suppresses the for-
mation of filamentation and spatiotemporal
instabilities. Consequently, the lasing emis-
sion profile is dictated by the passive cavity
mode structure.

Lasing dynamics in disordered cavities

Although wave-chaotic cavities can efficiently
suppress lasing instabilities, they lack emission
directionality because of the absence of a pre-

dominant propagation direction. Therefore, the
question arises whether we can suppress lasing
instabilities via complex wave interference while
obtaining directional emission.
We consider a simple 1D dielectric slab cavity

with random fluctuations of the refractive index
(Fig. 5B). The index fluctuations generate mul-
tiple reflected waves that interfere subsequently.
Thus, the resonant modes no longer have a con-
stant frequency spacing, and their spatial profiles
become irregular with varying spatial scales (Fig.
5B and fig. S13), reminiscent of themodes in a 2D
wave-chaotic cavity (fig. S8).
To simulate their lasing dynamics, we solved

the semiconductor Maxwell-Bloch equations in
the time domain. Our full-wave model goes be-
yond the slowly varying envelope/rotating wave
(in time) and paraxial (in space) approximations,
fully resolving the spatiotemporal dynamics on
suboptical cycle and subwavelength scales (22).
The population inversion–dependent optical gain
has an asymmetric spectrum, which closely re-
produces that of a semiconductor quantum well.
Taking into account the dynamical coupling be-
tween the light field and the carrier system, we
include all spatiotemporal and nonlinear effects
such as spatial hole burning and multiwave mix-
ing mediated by the carriers (29, 30).
We compare the simulated lasing dynamics

of a disordered cavity to that of a homogeneous
cavity with regular mode structure in Fig. 5A.
The disordered cavity features stable lasing dy-
namics over a wide range of pump currents,
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Fig. 4. Thermal effect on the lasing dynamics. A D-cavity laser fabricated
by reactive ion etching with radius R = 200 mm was pumped by a pulse
tp = 200 ms long. The pump current was 800 mA; the lasing threshold was
Ith = 300 mA. (A) Spectrochronogram of the lasing emission for 0 to 200 ms
measured with temporal resolution of 5 ms. The spectral shift to longer
wavelengths is caused by an increase of the sample temperature.
(B) Spectrochronogram for 0.4 to 1.9 ms measured with temporal resolution
of 50 ns. (C) Spectrochronogram for 150 to 190 ms measured with

temporal resolution of 1 ms. (D) Rate of the red shift of the center of mass of
the emission spectra (blue circles) and the spectral correlation times tðlÞcorr (red
crosses) at different times during the 200-ms pulse. The red-shift slope
decreases by almost two orders of magnitude as the sample temperature
stabilizes, and conversely the spectral correlation time increases by two
orders of magnitude. (E and F) Spatiotemporal image of the lasing emission
during 0.4 to 1.9 ms (E) and during 180 to 182 ms (F), showing that the
spatiotemporal dynamics becomes more stable with time.
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whereas lasing in the homogeneous cavity is
stable only just above threshold and becomes
unstable with increasing pump current (figs. S14
and S15) (22). For example, when the pump
current is about five times the threshold value
(Jth = 104 A cm–2), four longitudinal modes lase
in the homogeneous cavity, and all modes pul-
sate irregularly on a subnanosecond time scale
(Fig. 5C). The total emission intensity in Fig. 5E
fluctuates in time and does not approach a
constant value even well beyond the transient
dynamics. These instabilities are caused by the
nonlinear interactions between the lasingmodes
and the gain medium through processes such as
spatial hole burning and multiwave mixing (31).
The disordered cavity, with a lasing threshold

(Jth = 96 A cm–2) almost identical to that of the
homogeneous cavity, has three modes lasing at
the same pump current density. After some ini-
tial pulsations, each lasingmode reaches a steady
state (Fig. 5D). The total output intensity also
approaches a constant value beyond the tran-
sient period (Fig. 5F). The stable state of multi-
mode lasing is reached more quickly at higher
pump current (fig. S15) (22).
Therefore, even in a 1D cavity, the interference

ofmultiple scatteredwaves with randomphases

can lead to stable lasing dynamics, and the stab-
ilization is complete in the absence of thermal
effects. These results confirm the generic nature
of our scheme to suppress spatiotemporal in-
stabilities by increasing the spatial complexity
of the lasing modes.

Discussion and conclusion

Our approach for obtaining a stable state of
multimode lasing in broad-area edge-emitting
semiconductor lasers is fundamentally different
from previous ones in several respects. Most pre-
vious approaches aim at suppressing the spatio-
temporal instabilities and the formation of
self-organized structures such as filaments by
minimizing the number of lasing modes. Our
approach maintains multimode lasing while
achieving stable temporal dynamics by using
cavities with chaotic ray dynamics or with ran-
dom refractive index fluctuations to tailor the
spatial properties of the lasingmodes. Although
the mechanisms causing lasing instabilities in
1D and 2D cavities are different, both are dis-
rupted by complex wave interference. Because
this process is present across the whole cavity,
we attain global suppression of the instabilities,
in contrast to schemes such as injection and

feedback that can influence the dynamics only
locally.
Note that our scheme of achieving stable mul-

timode operation is very robust with respect to
perturbations such as boundary roughness, be-
cause such perturbations do not qualitatively
change the already pseudo-random structure
of the lasingmodes. Although smallmodifications
of the cavity geometry of broad-area edge-
emitting semiconductor lasers were considered
previously (32–35), a dominant propagation
direction and thuswell-definedwave frontswere
maintained, and the spatial scales of the modes
were not substantiallymodified, in stark contrast
to the wave-chaotic and disordered cavities pre-
sented here.
Although themultimode operation of D-cavity

lasers produces emission with relatively low spa-
tial coherence (36), which prevents tight focus-
ing, the temporal stability of the lasing power
and the emission profile, as shown in this work,
is essential to produce stable beam profiles nec-
essary for many high-power applications. For
example, laser processing of materials and de-
vices requires diverse beam shapes such as
circular flat-top, square, rectangle, or line pro-
files, and various beam-shaping techniques have
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Fig. 5. Simulation of the lasing dynamics in one-dimensional cavities
with homogeneous refractive index profile and spatially varying index
profile, respectively, at the same pump current density J = 500 A cm–2.
(A and B) Spatial distribution of the refractive index (top panels) and the
field intensity (bottom panels) for a mode at l = 833.3 nm in the homogeneous

cavity (A) and for a mode at l = 833.8 nm in the disordered cavity (B). (C and
D) Spectrochronogram of the emission intensity from the homogeneous
cavity (C) and from the disordered cavity (D). (E and F) Total output intensity
for the homogeneous cavity (E) and for the disordered cavity (F). The inset
in (F) shows a magnification of the output intensity after 5 ns.
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been developed in recent years (37). Low spatial
coherence of the laser beams prevents coherent
artifacts and enables smooth intensity profiles;
for example, the D-cavity laser emissionmay be
coupled to a multimode fiber to produce a stable
flat-top beam free of speckle. Another potential
application is pumping high-power multimode
fiber lasers and amplifiers.
In previous studies, broad-area vertical-cavity

surface-emitting lasers (VCSELs) with pulsed
pumping have demonstrated nonmodal emission
with low spatial coherence, when the interplay
between a rapid thermal chirp and the build-up
of a thermal lens breaks up the global cavity
modes (38). As the VCSEL becomes thermally
stable with time, the multimode operation re-
sumes and fast temporal dynamics appears. This
is fundamentally different from wave-chaotic
cavities in which the stable state of lasing is
maintained in multimode operation. It should
be mentioned that random fiber lasers can also
exhibit temporal fluctuations (39), which disappear
for stronger pumping. Both the mechanism
inducing the instabilities [interplay between
stimulated Brillouin scattering (SBS) and Rayleigh
scattering] and that quenching the instabilities
(suppression of SBS) are distinct from those for
the 1D disordered semiconductor lasers we
simulated (22).
We therefore propose the demonstrated sup-

pression of lasing instabilities by means of com-
plex multiwave interference as a new paradigm
formanipulating the temporal dynamics ofmulti-
mode lasers. We believe it is generally applicable
to other high-power lasers exhibiting instabilities,
such as broad-area VCSELs and solid-state lasers,
as well as multimode fiber lasers and ampli-
fiers. By deforming the cavity or fiber cross section
or introducing random refractive index fluctua-
tions, the spatialmode structure becomes speckled,
preventing lens formation and self-focusing in-
stabilities. On a more general level, this work
opens a new direction of research combining
concepts from both wave-dynamical chaos and
deterministic chaos. This combination and its

implications have been barely investigated so
far in lasers or other nonlinear wave-dynamical
systems.We expect that the idea of manipulating
nonlinear temporal dynamics by disrupting the
formation of self-organized structures not only
will have an impact on laser physics but also will
find applications in other systems with complex
spatiotemporal dynamics.
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