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Localized structures (LS) in lasers have been actively sought for all-optical information processing.
So far, two distinct approaches have been developed for achieving LS: one leading to addressable
stationary peaks of light in the transverse section of the resonator, the other leading to addressable
mode-locked pulses having a fundamental mode spatial profile. Here we show that temporal localized
patterns appear in nearly self-imaging Vertical External-Cavity Surface-Emitting Lasers (VECSELSs)
with an intracavity saturable absorber. The observed patterns consist of a combination of an axial
plane-wave with a set of tilted waves having a hexagonal arrangement in the Fourier space. In the
time domain these patterns are individually addressable mode-locked pulses having a duration of
about ten picoseconds. The theoretical analysis shows that the emergence of these pulsating patterns
is a signature of a Turing instability whose critical wave vector depends on spherical aberrations of
the optical elements. Our result shows that large aspect-ratio VECSELs offer unique opportunities
for studying spatio-temporal phenomena and it paves the way to the generation of spatio-temporal
LS.
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I. INTRODUCTION

Large aspect-ratio lasers [1, 2] are a platform for studying pattern formation ruled by paradigmatic partial differential
equations [3-8]. A variety of dissipative structures have been experimentally reported as the result of self-organization,
including phase singularities [9, 10], Turing instabilities [11] and, in bistable laser cavities, Localized Structures (LSs)
[12-16]. The latter, in particular, have attracted a lot of attention in the last twenty years for their application
to information processing [17]. LSs are beams of light localized in the transverse section of the laser that can be
individually switched on and off by a local perturbation [18-20]. Also named Cavity Solitons [21], LSs were observed
in broad-area VCSELSs coherently driven by an external field [22] and in an external-cavity laser configuration coupled
to a saturable absorber [14, 23, 24]. More recently, the concept of LSs has been extended to the time domain: temporal
LSs are individually addressable pulses traveling back and forth inside the cavity [25-28]. Temporal LSs have been
implemented in VCSELs operated in regimes of passive mode-locking (PML) [29]. It was shown that, if the cavity
round-trip 7 is longer than the gain recovery 7, and above a critical modulation depth of the saturable absorber, a
variety of mode-locked states with a different number of pulses per round trip coexist with the off solution. In these
conditions, mode-locked pulses become localized and they can be individually addressed [29-31].

These results suggest that semiconductor lasers based on vertical-cavity surface-emitting technologies with in-
tracavity saturable absorber may host temporal LSs and, at the same time, fulfill the large aspect-ratio condition.
Accordingly, these devices would be a laser platform ideally suited for the experimental observation of spatio-temporal
phenomena, a research subject of rising importance [32-36]. In particular, this platform may provide the conditions
for the existence of spatio-temporal LSs, also called dissipative Light Bullets [37, 38] , whose experimental observation
is still elusive.

Recently it was shown that an optically pumped Vertical External-Cavity Surface-Emitting Laser (VECSEL) with
a semiconductor saturable absorber mirror (SESAM) can be properly engineered to emit localized mode-locked pulses
[39]. However, the large-aspect ratio condition in VECSEL requires the combination of a nearly self-imaging (SI)
external cavity (author?) [13, 14, 40] together with a broad area pumped section. These two conditions were not
fulfilled in [39], leading to a VECSEL that could only be operated in the single-transverse mode emission.

In this paper we describe the realization of a large-aspect ratio VECSEL and we report on the observation of
temporal localized patterns consisting of a combination of an axial plane-wave with a set of tilted waves having a
hexagonal arrangement in the Fourier space. These plane waves are nonlinearly coupled and their interference gives
birth to an hexagonal pattern in the near-field emission profile. In the time domain these patterns are individually
addressable mode-locked pulses having a duration of about ten picoseconds. We show theoretically that the emergence
of these pulsating patterns is the signature of a Turing instability whose critical wave vector is determined by spherical
aberrations of the optical elements. Our result shows that large aspect-ratio VECSELs are promising laser platforms
for investigating a rich variety of spatio-temporal phenomena, including spatio-temporal LS. The theoretical analysis
reveals the leading role of spherical aberrations in pattern formation when approaching SI condition, thus suggesting
that spatial localization will require aberration engineered optical elements.

II. RESULTS

We consider an L-shaped VECSEL delimited by the gain mirror (also called 1/2 VCSEL) and by a SESAM (see
Fig. 1). The output beam is sent to the detection part where the far-field and near-field profiles are imaged on two
CCD cameras. The near-field is also imaged on an array of optical fibers for spatially resolved detection at 10 GHz
bandwidth. Finally, the total emission is monitored by a 33 GHz bandwidth detection system and by an optical
spectrum analyzer. The gain mirror is based on a GaAs substrate with 12 strain-balanced InGaAs/GaAsP quantum
wells (QWs) designed for barrier optical pumping and emitting at 1.06 um. It has been designed for standing the
high level of losses in the plane-plane external cavity (see Suppl. Mat. V A). The SESAM features a single strained
InGaAs/GaAs QW located near the external surface [42] leading to recombination rate approximately two orders of
magnitudes faster than the gain medium. It has been engineered for achieving a modulation depth larger than 8 %
between the saturated regime and the unsaturated one (saturable losses) which appears to be critical for obtaining
bistability of the VECSEL close to threshold [39]. Moreover, the amount of saturable losses experienced by the
electromagnetic field inside the cavity is varied by tuning the gain mirror and the SESAM microcavities resonances
(Mg and Aga respectively), 0A = Aga — Ag), as detailed in Suppl. Mat. V A The gain mirror is optically pumped at
808 nm by a flat-top elliptical profile having an horizontal axis of 90 um and a vertical one of 50 um (see Supp. Mat.
V B).

The external cavity has been designed to fulfill the requirement 7 > 7, and SI condition after one roundtrip. In
addition, the SESAM and gain mirror need to be placed in conjugate planes with a magnification factor larger than
one for saturating efficiently the SESAM. In the cold cavity situation, these requirements can be achieved through
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Figure 1. a) Experimental set-up showing the L-shape 8f cavity VECSEL. d;: distance between the gain section and lens L1,
da: distance between L; and lens La, d3: distance between Lo and lens L3, d4: distance between Lsand lens Ly, ds: distance
between L4 and the SESAM, HRM= high reflectivity beam splitter (>99.5% at 1.060 nm). b) Waist size of the fundamental
Gaussian mode on the gain section calculated with Eq. 7 (Methods IV) as a function of the position of the SESAM (z = d5 — f.)
for fin=40 mm and for two positions of z : z = 2.5 mm (blue curve) and z = —3.5 mm (red curve). For fir, = 40 mm, SI
condition condition is given by: zo = —0.8 mm, xg = —1.3 um, hence, in terms of Az = z — 29, Az = +3.3 mm (blue curve) and
Az = —2.7 mm (red curve). These numerical curves fit with good agreement the experimentally measured values of the waist
obtained when the VECSEL is pumped at 230 mW, which gives rise to a thermal lens with focal length of fi, &~ 40mm [41].
The position of Ly has been shifted by +6 mm around its telecentric position from the green circles series of measurements to
the red circle ones.

a telecentric arrangement of appropriate optical elements. However, the presence of a pump-induced lens onto the
gain mirror modifies sensibly the positions of lenses for achieving SI condition. This spurious lens has a thermal
and electronic origin and its focal length f;;, depends on the pump level [41]. SI condition can be restored only by
modifying the position of at least two lenses in the cavity around their telecentric position. Accordingly, we adjust
submicrometrically the position of the SESAM (x = d5— f.) and of Ly (z = da — (fo+ f2)). As shown in Methods (and
Suppl. Mat. V C), the one-way propagation matrix from the SESAM to the gain mirror can be used to determine
ST condition (zo(fin), o(fin)) and to calculate the waist value of the fundamental Gaussian mode w as a function
of x and z around SI condition positions. As shown in Fig. 1b), close to SI condition, the waist of the fundamental
Gaussian as a function of the position of the SESAM w(x) exhibits an opposite behavior depending on whether Az > 0
or Az < 0, where Az = z — z; indicates the misplacement of Lo with respect to the SI condition. For negative values
of Az (red curve in Fig. 1 b)), w increases when approaching the SESAM to Ly. For Az > 0 (blue curve in Fig. 1b))
w increases with the distance between the SESAM and L. This behavior is clearly observed in the experiment and
it enables an accurate observational assessment of the SI condition.

For finite positive (negative) values of Az, cavity stability requires Az > 0 (Az < 0), where Az = & — ¢ indicates
the misplacement of the SESAM with respect to SI condition (see MethodsIV). As shown in Fig. 1 b), the waist of the
fundamental Gaussian decreases as | Az |— 0 and, when | w |< 20 pum, spatially extended patterns appear to match
the broad pumped section. In Fig. 2 we show the time-averaged spatial profile of a typical pattern observed when
Az — 07, for a finite positive value of Az. This pattern cannot be interpreted as a transverse mode imposed by the
boundaries of the resonator, as the ones of Hermite-Gauss or Laguerre-Gauss families. While the latter self-transform
in the Fourier space, the pattern shown in Fig. 2 exhibits non homothetic near field and far field profiles. The far field
profile reveals a bright central spot surrounded by a nearly hexagonal arrangement of weaker spots at 7° with respect
the optical axis of the resonator. The regularity of this arrangement is affected by the presence of inhomogeneities on
the gain section and the SESAM used. However, these spots are always equidistant from the bright center spot. In
the near field we observe an hexagonal pattern with some bright spots. We have analyzed the relationship between
the near field profile and each wave-vector component observed in the far field, as shown in Fig. 2 c-f). If we consider
only the axial component (central spot in the far field profile), the corresponding near field profile has a Gaussian
shape (Fig. 2 d). This component comprises 90% of the optical power of the pattern. If the central spot in the
far-field is filtered out, the near field profile obtained has twice the spatial frequency compared to the one obtained
without the filter as can be observed in e). This indicates that the near-field profile is determined by the interference
between an on-axis plane wave and the hexagonal set of tilted waves which are phase locked. The pattern shown in
Fig. 2 is emitted by the VECSEL within a short range of x, for pumping powers 285 mW<F, < 400mW and for a
detuning range between the microcavities resonances 4.5 nm< 0\ < 8 nm. Within these ranges, the time-averaged
profile shown in Fig. 2 is not affected significantly by parameter changes.

The time behavior of the pattern is shown in Fig. 3 a). It features multistability between a set of mode-locked
states with a number of pulses per roundtrip ranging from zero to five. The corresponding bifurcation diagram of
these pulsating solution versus the pump power P, is explored in Fig. 3 b). Upon increasing the pumping level (P,),
the off solution loses its stability at P, = 320 mW at the advantage of a five-pulses per roundtrip mode-lock state.
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Figure 2. a) Near field and b) Far field time-averaged profiles of the patterns observed when Az = +3.3mm and 22um< z <
27um. VECSEL is pumped at 320 mW and §A=5nm. In panel b) the far field has been obtained by filtering out the central part
of the profile which carries 90% of the total emitted and hinders the off axis components on the CCD camera. The unfiltered
far-field profile is plotted in the inset. This kind of pattern is observed in the range 0.1 mm< Az < 4mm. As | Az |— 0, its
existence range in x gets narrower and it requires higher level of pumping. ¢) Near-field profile with intensity peaks circled in
red, d) Near-field profile after filtering out the off-axis Fourier components of the pattern and leaving only the central spot, e)
Near-field profile after filtering out the on-axis Fourier components of the pattern (central spot of in the far-field). The contour
of the peaks of the total pattern identified in c) are plotted in red.

Then, by decreasing P,, the VECSEL emission switches to states with a lower number of pulses per roundtrip and, at
every jump, P, is increased to determine the stability of each branch and, when P,<285 mW, the VECSEL switches
to the off solution. The width of the pulse is below the time resolution of our detection system (10 ps, 33 GHz) and
auto-correlation measurements of the electromagnetic field gives a coherence time of 2.6 ps which is in agreement
with the spectral envelope of 1 nm (267 GHz) FWHM shown Fig. 3 c). Spatially resolved measurements at different
points of the pattern reveal that the whole pattern is pulsating as a unique coherent structure.

The multistabilty between different mode-locked states shown in Fig. 3 indicates that the patterns observed are
temporal LSs, i.e. they are individually addressable pulses traveling back and forth in the external cavity [29, 43|. In
order to demonstrate the possibility of using these pulsating patterns as bits of informations, we have injected a short
pump pulse into the gain section to write these temporal localized patterns individually. The system is prepared in
the multistable parameter region (285mW< P, < 318mW) where LSs exist and the amplitude of the addressing pump
pulse is chosen to be sufficiently large to bring the system beyond the upper limit of the multistable region, where
only the solution composed on five pulses per roundtrip is stable. The addressing pulse is sent to the gain section
synchronously with the cavity roundtrip for about one thousand roundtrips. The addressing process is depicted in
Fig. 4 by using a space-time diagram where the pump pulse is represented using a color code, while the trajectory of
the LS is represented by a black trace. In Fig. 4 we illustrate the writing operation. In Fig. 4 (left), we choose an
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Figure 3. Spatially integrated intensity output of the pattern shown in Fig. 2. a) Coexisting pulsating states of the pattern, b)
Total output power emitted by the VECSEL versus the pump power P, for different pulsating states of the pattern, ranging
from no pulse to five pulses per roundtrip, ¢) Optical spectra corresponding to different pulsating states of the pattern.
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Figure 4. Spatio-temporal diagram of the writing process of a time localized pattern. The trajectory of the LS is represented
by a black trace, while the pump evolution is represented on the space time diagram using a color code is by sending a 120
ps pulse to the gain section between (left) round-trip ny = 7800 and round-trip na = 12500 and (right) between round-trip
n1 = 6800 and round-trip ne = 12500. The pulsed pump beam has a Gaussian spatial profile and a waist of 13 um

initial condition where no LS is present inside the cavity before the addressing pulse. The pump pulse is sufficiently
short to switch on a single LS which persists after the perturbation is removed. In Figure 4 (right) we repeat the
operation with a LS already existing in the cavity before the dressing pulse. Other initial conditions can be chosen
with similar results, provided that the addressing pulse is separated in time from the preexisting LS of at least 7.

III. DISCUSSION AND THEORETICAL ANALYSIS

Our experimental results provide evidence of a novel spatio-temporal laser regime which, to the best of our knowl-
edge, can hardly be traced back to any laser model in the literature. Stationary pattern emission from large-aspect
ratio laser has been previously observed and explained as a Turing instability leading to transverse traveling waves
[10, 11, 44|. The physical origin of this instability has been attributed to the presence of a (positive) detuning be-
tween the gain curve resonance and the closest resonator resonance. The laser emits tilted waves whose frequency
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matches the gain resonance and whose longitudinal wave vector fulfill the resonance condition of the resonator. This
mechanism does not apply to our system where the set of longitudinal cavity resonances is very dense (less than 500
MHz free spectral range) compared to the width of all other relevant spectral filtering curves, such as microcavities
resonances (> 3.5 nm, i.e. >1 THz, see Supp. Mat. V A), gain and saturable absorption curves (more than 10 THz).

In order to describe the spatio-temporal dynamics observed we employ the Haus master equation for PML adapted
to the long cavity limit [43, 45]. However, this leads to a four dimensional, stiff, multi-scale partial differential equation
(PDE). A qualitative model for the dynamics of the transverse profile of temporal LS, such as the one derived in
[37, 46], can be obtained adapting New’s method of PML [47] to the situation at hand. This method exploits the
scale separation between the pulse evolution, the so-called fast stage in which stimulated emission is dominant, and
the slow stage that is controlled by the gain recovery processes. Under the hypothesis that the spatio-temporal profile
can be factored into a product of a transverse profile and a short temporal pulse that corresponds to the temporal LS,
one can obtain a simplified description of the slow evolution of the transverse profile of the temporal LS A (r,,0) as

0A 9
a9 = | (1417) + o] 4 ()
where 6 is the round-trip number and we defined the effective nonlinearity as
f(P) = (1 —iar) Jy(ri) h(P)+ (1 —iag) Joh (sP) — k, (2)

The nonlinear response of the active material to a pulse is h (p) = (1 — e™?) /p. We define k as the round-trip cavity
loss and in Eq. (2) we introduced the line-width enhancement factors a; of the two active media, that relax toward the
pumping power J;. The ratio of the saturation fluences of the absorber and of the gain is denoted by the parameter
s. The effect of finite size optical pumping is taken into account by the spatial dependence of J; (r;) > 0. Saturable
absorption is obtained by setting Jo < 0. It is worth noting that, if the function h(P) is replaced by the Lorentzian
line saturation for continuous wave beams h (P) — 1/(1+ P) in Egs. (1,2), one obtains the equations obtained in
[48, 49], used for describing (stationary) spatial auto-solitons in continuous wave bistable interferometers.

The spatio-temporal linear operator £, can be determined by using the Fresnel transform [50], which permits the
analytical calculation of the transverse effects occurring at each round-trip from the round-trip ABCD matrix. The
latter includes diffraction and wavefront curvature occurring in the quasi-telecentric cavity as well as diffraction and
thermal lensing (in the parabolic approximation) taking place within the microcavities. In addition, we considered the
influence of weak spherical aberrations. The latter are essentially due to the presence of the two short focal distances
collimators L; and L4 which are challenged by wide angular spread of the beams. In agreement with experimental
observations we assume that f.(r.) = fo + or? with o < 1 representing a small aberration coefficient. For the
experimental conditions (nearly SI condition and fy/f2 3 < 1), the effect of spherical aberration can be analytically
reduced to a transverse Bilaplacian operator. The details of these calculations will be discussed elsewhere. Describing
the wavefront curvature, the diffraction and aberrations as small perturbations to the field profile at each roundtrip,
the spatio-temporal linear operator £, reads

L1 =iCr? + (d + i§> V2 +iSVY, 3)

where we define the following dimensionless parameters: the effective diffraction parameter B = ABgy/ (47) + l% 1+

~ . = 3
l% |, the wavefront curvature C' = mCryp/A and the aberration parameter S = (%) of2. Here, Brr and Cpgr are,

respectively, the coefficients of the ABCD roundtrip matrix defined in IV and I; | being the normalized micro-cavity

diffraction lengths. As shown in IV, close to self-imaging conditions, Brr ~ 2(M?Ax) and Crr ~ —2%, hence Az

controls the diffraction while Az rules the wavefront curvature which is equivalent to a parabolic transverse potential
in Eq. 3. The finite size of lenses and the numerical aperture of the whole optical system is modeled by a diffusion
parameter d that penalizes high transverse spatial frequencies ¢ .

Close to SI condition, for positive diffraction (Az Z 0), the VECSEL resonator is stable for focusing wavefront
curvature (C' 50, i.e. Az Z 0). Experimental results show that, when B — 0, a modulated pattern featuring well
defined transverse wave vectors appear. This phenomenology can be explained as the result of a supercritical Turing
instability. It was shown in [51] that Eq. (1) forbids the appearance of a Turing instability while it allows for a long
wavelength instability and the formation of a band of unstable spatial frequencies in the range ¢ € [0, gps]. However,
the presence of the Bilaplacian operator describing optical aberrations changes this picture, as it introduces a new
spatial scale in the system and it renders the appearance of a Turing bifurcation possible. This is shown in Fig. 5(a)
where we plot the result of the stability analysis of the homogeneous state for a value of the pump within the bistability
region where the VECSEL emits temporal LS. The real part of the two dominant eigenvalues reveals the presence

of a Turing instability at a wave-vector qu\/E /§ in addition to the band of unstable spatial frequencies in the
range ¢ € [0,qps]. It is worth noting that the finite size of the pump profile imposes a low frequency cut-off for the
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Figure 5. (a) Stability analysis of the uniform solution over the upper state of the bistable solution branch. A long wavelength
modulational instability band is present, however it is inhibited for a system size of L = 8.3776 which corresponds to a
low frequency cut-off of go = 2w/L, = 0.75 (orange vertical dashed line). A second narrow band that corresponds to a

Turing instability may appear at a wavevector gr=~4/ B / S = 3.01. This diagram is obtained after the emergence of the Turing
instability for a value of J; = 0.78J;, that corresponds to an intensity I = 1. It is above the fold located at Jr =~ 0.661Jyy,.
(b) A branch of CW (blue) and spatially periodic (red) solutions of Eq. 1. The intensity of the field is shown as a function
of the scaled gain bias Ji/J,. The stable (unstable) solutions are depicted as solid (dashed) lines. The unstable CW branch
bifurcates unstable from the off state and it is stabilized at the fold F. The stable periodic branch that corresponds to rolls
bifurcates from the CW solution at the branching point BP (black circle) which corresponds to a Turing bifurcation. The
emerging pattern further losses its stability via an Andronov-Hopf bifurcation (red square). The two insets show the intensity
of the emerging periodic pattern at the points marked as green diamonds. (c) Equivalent regime in two dimensions where we
show the intensity profile as well as the far field Fourier spectrum after removal of the on axis homogeneous component (inset).
It consists in a regular hexagonal pattern whose wave-vector is |gr| =~ 3 is given by the stability analysis of the uniform state.
The bias current is J; = 0.777J, and (L, Ly) = (8.378,7.255). Other common parameters are: B= 1, C = 0,S=0.11,a; =
1.5, g = 0.5, Jo = —0.12, k = 0.1, s = 15, d = 0.003,

176 wave-vectors allowed in the system, g. = 27 /L . This spatial frequency filtering eventually controls which instability
180 can develop : if gps < g, the long wavelength instability is inhibited and the Turing pattern remains the unique spatial
1 instability that can emerge, provided that ¢r is resonant, i.e. an integer multiple of g., i.e with n € N. Consequently,
1s2 this instability can be expected to appear by tuning the value of B within narrow range, in good agreement with
3 experimental observations.

. In Fig. 5(b) we show the result of numerical simulations of Eq. (1) as well as path continuation using Pde2Path [52]
1es for a system with one transverse spatial dimension and with homogeneous pumping. It reveals that a homogeneous
s emission of temporal LS appear subcritically below the lasing threshold. The corresponding C-shape is represented
1s7 by the blue line in Fig. 5(b). When the system size is chosen such that ¢r/q. = 4, a periodic pattern can emerge
1ss from a homogeneous emission while increasing the pump power. As in the experiment, the periodic pattern appears
10 as a modulation of an homogeneous on-axis emission which dominates the far-field profile. This Turing pattern can
100 be observed at a fixed pump level by tuning the value B, as this parameter will change the value of the critical
101 Wave-vector gr with respect to 4q.. In this case the pattern will appear with a finite modulation amplitude of the
102 homogeneous emission, fixed by the pump power. In two transverse dimensions, the dynamics is more complex since
103 only the magnitude of the unstable wave-vector |gr| is fixed by the linear stability analysis leading to an annular
104 distribution of unstable wave vectors in the two-dimensional plane spanned by ¢i = (¢s,¢qy). Stripes, squares or
15 hexagonal patterns can be selected depending on the kind of nonlinearity coupling the different wave-vectors that
106 must all emerge with magnitude |gr|. However, the structure of the nonlinearity in Eq. 1 favors the emergence of
107 hexagonal patterns as can be seen in Fig. 5(c). The far field represented in the inset of Fig. 5(c) exhibits (in Log
108 scale) the typical spectrum associated with hexagonal patterns after filtering out the on-axis component. The value
100 Of g7 ~ 3 matches the result of the linear stability analysis.

200 In conclusion, we have realized and operated a laser platform enabling the investigation of fully developed spatio-
201 temporal dynamics. In this paper, we have reported the first observation of temporal localized Turing patterns,
202 but other novel laser regimes will be investigated in the future. In particular, the spatial shaping of the pumped
3 region opens interesting perspectives since, thanks to SI condition, the near-field emission profile of the laser will be
204 governed by the pump profile. Preliminary results indicate the possibility of obtaining spatially decorrelated spots
205 in the transverse plane emitting temporal LS. In addition, the near-field emission profile can be shaped arbitrarily,
206 reproducing, for example, alphabetic letters and geometrical figures. In terms of applications, this platform can be
» used for the spatio-temporal processing of information, for implementing multiple sources of reconfigurable frequency
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combs sharing the same active media [53], as well as for speckle-free imaging with short pulses [54].

IV. METHODS

Ezternal cavity design. The VECSEL external cavity (see Fig. 1a)) has been designed to fulfill the requirement
T > 7,4 for temporal localization, which means, with 7, ~ 1ns, a cavity length larger than 500 mm (7 > 3ns). In order
to reach this length we used a four-lenses arrangement where the first lens (L1, the one closest to the gain section) and
the last lens (L4, the one closest to the SESAM) are large numerical aperture aspheric collimators (f; = f4 = f. =8
mm) and L2 and L3 are achromatic lenses having fo = 100mm and f3 =200 mm. The resonator is L-shape delimited
by the gain mirror (also called 1/2 VCSEL) and by a SESAM. Light extraction occurs by transmission through a high
reflective beam splitter (>99.5 reflectivity at 1.060 nm) which reflects the intracavity radiation beam. This geometry
avoids anisotropies that would have been introduced by using a linear cavity with a beam splitter transmitting the
intracavity radiation beam. The lenses are placed in a telecentric arrangement (8f), i.e. the distances between the
lenses are given by the sum of their focal lengths (di=f1, da=f1+fo, ds=fa+ f3, da=f3+f4, ds=f4), thus making a
total cavity length L=632 mm (cavity round-trip time 7 ~ 4.2ns). This arrangement ensures, at least in the cold
cavity situation, that the gain section and the SESAM are in conjugate planes and that SI condition is met.

Temporal LS (and mode-locking in general) relies on the possibility of saturating effectively the SESAM at fluence
levels well below the saturation fluence of the gain section (Fg) . Even if these elements are designed such that
s =F¢/Fp=6, being Fp the saturation fluence of the SESAM, an effective method for increasing s is to introduce a
magnification factor M of the SESAM near-field image onto the gain section. In the telecentric arrangement described
above M = f3/f2 and we choose fo = 100mm and f3 =200 mm to have M = 2.

In terms of ABCD transfer matrix from the gain section to the SESAM , the telecentric arrangement gives

/

(g, >—( 1/ 5\4 ]8[ ) ( :; ), which describes an imaging condition with demagnification between the two elements
and SI condition after a roundtrip. However, the presence of a pump induced lens onto the gain section modifies
sensibly the positions of lenses for achieving SI condition with respect to the cold cavity situation. This pump in-
duced lens has a focal length fi, spanning from 10 to 80 mm depending on the pump level [41] (Supp. Mat. V B)
Self-imaging condition in presence of this spurious lens can be obtained only by modifying the position of at least two
lenses in the cavity around their telecentric position. The most effective choice, considering also practical experimental
considerations, is to adjust micrometrically of the position of the SESAM and the position of Ls. By calling x the
offset of d5 with respect to telecentric position (x = ds — f..) and z the offset of dy with respect to telecentric position
(z = da—(f. + f2)), the one way propagation matrix from the gain section to the SESAM then reads (see Suppl.
Math. C for full calculations):

A B 1M + (422 — Ma)(;1 + 2) Mo — L&z
< 4 D) _ iz ~ Mo)aps + 72 7 (4)
M(=57; — 72) M
For a given value of f;,, C =0 (and A =1/M) for z = zg = —2]}—%, while B =0 for z = zg = —ﬁ. For f. =
th 5t

8 mm and typical values of f;;, one finds that zy is of the order of few millimeters, while zy will be of few microns
since fo >> f. . Hence, by adjusting z and =z it is possible to achieve SI condition for any value of fy,.

From the experimental point of view, the precision requirement on the positions of the optical elements make
unrealistic to achieve SI condition by placing these elements at the calculated positions. We describe the deviations
from SI condition by introducing Az = z — xg and Az = z — zy. Then, we can rewrite Eq. 4:

2 2 2
(A B ) UM+ G - R MAr - S )
¢ M L

The round-trip matrix reads

AgrT BpT _(14+2BC 2DB
Crr Drr | 2AC 1+2BC

Accordingly, the waist of the fundamental Gaussian beam on the gain section in mm is given by



246

252

287

288

289

290

B \/(1.06 -10-3/7)[2DB| -

B V1 —m?

where m = 1 + 2BC is half the trace of the roundtrip matrix. For cavity stability —1 < m < 1, which implies
—1 < BC < 0. As shown in Suppl. Math. C, for small deviation of z from the SI condition, the stability of the
cavity requires Az > 0 when Az > 0 and Az < 0 when Az < 0. The analysis of Eq. 7 shown in Fig. 1 b) provides
an observational protocol for assessing SI condition as the positions of Ly and of the SESAM are varied. Finally, it
is worth noting that, close to SI condition, the ABCD roundtrip matrix can be approximated to

(fr Bor) (LA 23%Aa) ) .

Crr Drgr 7

V. SUPPLEMENTARY MATERIALS
A. VECSEL description

The VECSEL realized in this paper have been designed for studying fully developed spatio-temporal dynamics
in a laser platform. More specifically, the goal is to gathering within the same laser the requirements for hosting
spatial and temporal localized structures (LS). While the former require a large aspect-ratio laser with a broad-area
pumped region and self-imaging external cavity, the former requires an external cavity roundtrip larger than the
gain recombination time. Both regimes require a bistable response which can be provided by an intracavity saturable
absorber (semiconductor saturable absorber mirror, SESAM). For temporal localization, previous experimental results
and numerical simulations, indicate that modulation depth of the SESAM is a crucial parameter for achieving temporal
localization [29, 39, 55]. Finally, spatial homogeneity of the VECSELs samples is required for studying spatial LS
formation and properties [56].

Optically-pumped VECSELs based on mature GaAs growth technologies for emission wavelength at 1.06 ym appear
to be the most promising devices for fulfilling the spatial homogeneity and broad-area pumping requirements described
above. In addition, the SESAM has been processed at high temperature for ensuring the best spatial homogeneity
(less than 10000 defects per cm?). Concerning VECSEL operation in a nearly SI external cavity, it is important to
point out that VECSELSs cavities are usually designed for confining transversely the electromagnetic field according
to a Gauss-Laguerre basis and for favoring lasing emission onto the fundamental Gaussian mode. In our platform this
guiding mechanism is lacking and the VECSEL needs to rely onto a gain section capable of standing a high level of
losses in the external resonator.

Accordingly, we realize a gain mirror with 12 strain-balanced InGaAs/GaAsP quantum wells (QWs) and a confine-
ment factor enhanced to I' = 4.5 by adding 2 Bragg pairs on the top of the gain mirror. This leads to a micro cavity
bandwidth of AAg = 9nm (FWHM) of the gain mirror, to a saturation fluence above Fg = 2511J/cm?and a gain
level at maximum pumping of 20 %. Carrier lifetime is around 7, = 1 — 2ns depending to the pump level. To keep
the external-cavity losses at the lowest level, the reflectivity of the gain mirror has been maximized (>99,9%) and the
unsaturable losses of the SESAM have been minimized to less than 0.3 %.

While the experimental results described in this paper have been obtained by using the above described gain
mirror, similar results have been obtained with another sample having 6 strain-balanced InGaAs/GaAsP QWs and a
confinement factor enhanced to I' = 12 by adding 3 Bragg pairs on the top of the gain mirror. This leads to a micro
cavity bandwidth of A\g = 3.5nm (FWHM) of the gain mirror, to a saturation fluence above Fiz = 101J /cm?and a
gain level at maximum pumping of 25 %.

The SESAM structure features a single strained InGaAs/GaAs QW located at 1 ~ 2 nm from the external sur-
face [42], which enables reaching a fast recombination rate (50 ps) together with high crystal homogeneity. Hence,
recombination rate in SESAM is two orders of magnitude faster than in the gain section which is compatible with
a stable passive mode-locking and with the existence of temporal LS [55]. SESAM modulation depth of the satu-
rated /unsaturated reflectivity (also called saturable losses) is one of the most critical parameter for the existence of
temporal LS [29, 37, 55]. Bistable response of the VECSEL appears for a modulation depth larger than a critical
amount. On the other hand, when the unsaturated reflectivity is too high, the VECSEL may not have enough gain
to reach the threshold.

The modulation depth of the SESAM has been enhanced by increasing the finesse of the SESAM microcavity defined
by the back mirror and the air/semiconductor interface. A top dielectric Bragg mirror formed by a pair of Si/SiN
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Figure 7. Pump profile onto the gain mirror

layers has been added on this interface, thus leading to a modulation depth of the reflectivity at the micro-cavity
resonance peak (1.0667 um) of A = 23% , a wavelength bandwidth of AAp = 15nm (FWHM) and saturation fluence
Fp =4 ~ pnJ/cm?. The unsaturated reflectivity of the SESAM is shown in Fig. 6.

Because the gain section microcavity bandwidth is much narrower than the one of the SESAM, the amount of
saturable losses experienced by the field in the VECSEL can be varied by changing the detuning d\ between the gain
microcavity resonance and the SESAM one (Ag and Ag 4 respectively) , dA = Aga —Ag. The position of each resonance
can be set experimentally through the temperature control of the samples. In Fig. 6 we indicate the smallest value
of 0 for the 12 strain-balanced QWs gain mirror below which the unsaturated losses are too high for the VECSEL
to reach threshold.

B. Optical Pump and induced lensing effects

The gain mirror is optically pumped at 808 nm by a single transverse mode diode laser. The Gaussian pump profile
is transformed by using a beam shaper to a flat top circular profile having a diameter of 50 um diameter (see Fig.
7). A flat top pump profile provide a broad-area homogeneously pump region, thus maximizing the aspect-ratio of
the VECSEL. Moreover it reduces the thermal-electronics lens effect induced by the pump profile. The pump beam
is incident onto the gain mirror device with an angle close to the Brewster angle, thus pumping an elliptical region
having an horizontal axis of 90 pum and a vertical one of 50 ym. The maximum pump power reaching the gain section
is Pp maz = 500 mW. The polarization axis is chosen to be in the incidence plane (TM) in order to maximize the light
transmitted inside the semiconductor.

The pump profile induces a thermal profile and an electronic profile on the gain section. While the former is
equivalent to a converging lens (thermal lens) the latter induces a diverging lens (electronic lens). The thermal lens
focal length (f:,) depends on the gain section structure, its thermal load and the pump power [41]. In the sample
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Figure 8. a) Waist of the fundamental Gaussian beam on the gain section as a function of z and z for fi;,=40 mm. SI condition
is located in zg = —0.8 mm, xo = —1.3 wm b) Waist of the fundamental Gaussian beam on the gain section as a function of x
for two values of z : z = —1.5 mm (dashed lines) and z = 0 mm (continuous line) and for different thermal lenses focal lengths :

ftn=20 mm (green), f;n= 40 mm (orange) and fi,=60 mm (blue). While SI condition condition for = (x =z0) is not changing
significantly with fip, for z it does: zo(fin = 20mm) = —1.6 mm, 2zo(fin = 40mm) = —0.8mm, 2o(ftn = 60mm) = —0.53 mm.
The values of Az change accordingly: Az = +0.1 mm (green dashed line), Az = +1.6 mm (green continuous line), Az = —0.7
mm (orange dashed line), Az = 4+0.8 mm (orange continuous line), Az = —0.97 mm (blue dashed line), Az = +0.53 mm (blue
continuous line).

We write the ABCD transfer matrix from the gain section to the SESAM in presence of a pump induced lens. We
refer to distances and focal lengths defined in Fig. 1, the optical elements are placed close to telecentric arrangement
(di=fc, do=fc+fa, ds=fo+[f3, ds=f3+fc, ds=f.). We introduce two degrees of freedom: z is the offset of d5 with
respect to telecentric position = ds — f. and z the offset of dy with respect to telecentric position z = da—(f. + f2).
s1s Magnification is given by the ratio between focal lenghts of L3 and Lo :
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It is worth noting that, if z = 0, the C' term of this transfer matrix is always different from zero. Therefore, in
presence of a thermal lens, in addition to the position of the SESAM, it is necessary to tune the position of another
lens for having the gain section and the SESAM in conjugate planes.

For a given value of f, the condition for having C = 0 (and A = 1/M) is that z = zg = —2fc , while B = 0 for
T =2x0= —ﬁ. For f. = 8 mm and typical values of f;;, one finds that z; is of the order of few millimeters for
e

strong thermal lensing, while zgwill be of few microns since fo >> f. . Hence, by adjusting z and x it is possible to
achieve SI condition for any value of fi;. By introducing deviation from SI condition for dsand ds : Ax = x — ¢ and
Az = z — zg, we can rewrite the transfer matrix:

_MAZ M

Az)? Az
(88)-(" 5, )

The propagation matrix from the SESAM to the gain section is given by( g ﬁ ) where A B,C,D are the coefficients

1+2BC 2DB )

of the transfer matrix from the gain section to the SESAM. Hence, the round-trip matrix reads ( 9AC 14 2BC

the roundtrip matrix reads:

Az)(Ax Az)? Az

(ART BRT> 12 |mplepa _ (GF 2(M?Ax — 1222)
C D - Az (A2)2  (AzAx) (Az)(Az) (AZ)Z
R ERT 2w\t e } {MQ A }

The waist of the fundamental Gaussian beam on the gain section in mm is given by

. \/(1.06 -10-3/7)|2D B ©

V1—m?

where m = 1 4 2BC is half the trace of the roundtrip matrix. For cavity stability —1 < m < 1, which implies
—-1<BC <0, ie —1<—-M?5282 AGCAZ + (Az) < 0. Close to SI condition, the term in (Az)?/f2 can be neglected and

the stability of the cavity requ1reb Az > O when Az > 0 and Az < 0 when Az < 0. It is worth noting that, close to
SI condition, the ABCD roundtrip matrix can be approximated to

Arpr Bgrr \ _ 1 2(M?Ax)
Crr Dpr | 2?22 1 ’

In Fig. 8a) we plot w(z, z) in color scale for a given value of f;,. In Fig. 8b) we plot the waist of the fundamental
Gaussian as a function of = for different values of f;; and for two different values of z. By increasing the optical pump
intensity, fi; decreases, zg decreases thus leading to an increase of Az. Hence, increasing the pump will flatten the
curve w(z, z) towards the positive direction of = axis. If Az is negative for a given pump value it may become positive
when increasing pumping, leading to an inversion of the stability of the Gaussian mode from negative to positive
values of x (see the green dashed curve in Fig. 8b)).
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