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ABSTRACT

Semiconductor lasers offer significant operational advantages due to their compactness and high
electrical-optical conversion efficiency. The maor drawback in considering semiconductor lasers
for many applications is the relatively small emission power that can be obtained from a single
semiconductor laser. Synchronization of laser arrays provides a unique solution to the above
limitation. In this paper, we describe our recent research on the synchronization of high-power
broad-area semiconductor lasers and laser arrays. We demonstrate experimental results on (1)
simultaneous injection locking of multiple broad-area lasers to achieve single
longitudinal/transverse mode beams and (2) synchronization and coherent beam combination of
an integrated 19 broad-area laser array based on a scalable external cavity. A number of issuesin
the synchronization of broad-area lasers have been addressed in this paper. These include the
effects of laser coupling on the array synchronization performance and the giga-hertz
complementary intensity oscillations occurring at different transverse modes of broad-area lasers
subject to the optical injection.

Index Terms- semiconductor laser, laser array, broad area laser, nonlinear dynamics, injection
locking, external cavity, grating, lens array



1. INTRODUCTION

Over dl types of coherent light sources, semiconductor lasers are most compact and have
inherently the largest electrical-optical conversion efficiency that considerably reduces the on
board power requirement as well as thermal/load burdens to the operation platform [1,2]. Today,
a stacked array of broad-area semiconductor lasers with an overall emission aperture size of a
few sguare centimeters can readily provide kilowatts of output power. The limitation in the
application of high-power broad-area semiconductor lasers is their poor beam quality and broad
spectrum. To overcome this drawback, a variety of laser synchronization techniques have been
applied to lock the modes of broad-area lasers and to synchronize multiple lasers. These involve
primarily optical engineering efforts such as master optical power amplifier (MOPA) scheme [3-
9], injection locking of laser arrays [10-15], transverse mode locking of broad-area lasers [16-
19], phase locking of laser arrays based on external reflectors [20-27], and spectrum beam
combining using external grating [28]. Most of early work on laser array locking [10-15,20-24]
was conducted on small laser arrays with multiple stripe structure where both the aperture size of
each laser emitter and the spacing between emitters are within a few tens of micrometers. On the
other hand, typical geometries of recent high power laser arrays have a large number of broad-
area emitters integrated in a single chip where the emission aperture of individual emitter larger
than 100 nm and the laser spacing around 500 mm. A scalable optical design is essentia to

synchronize/coherently combine light output from such a high power laser arrays.

In this paper, we describe experimental designs for synchronization of high power broad-area
laser arrays [29-32]. In our experiments, we used a commercial available integrated laser array
that contains 19 InGaAsP broad-area emitters (Coherent B1-20C) with the total output power
over 20 W. Each broad-area laser emitter in the array has a cavity length of 1 mm and an
emission aperture of 125 mm’ 1 mm and is capable of emitting a maximum output power over
1W at both multiple transverse and multiple longitudina modes. The separation between two
adjacent lasers in the array is 500 mm and the total width of the array is 1 cm. The entire laser
array is driven by a common current source. It is important to note that each broad-area laser in
this array has an emitting aperture wider than that of the overall aperture (100 nm) of many laser

arrays reported in previous work [10-15,20-24].



Our first experimental design features the injection locking of broad-area lasers using a single-
mode laser as the source of injection. We show the simultaneous injection locking of pairs of
broad-area laser diodes in the array driven by a common current source. The injectionlocked
broad-area lasers show single transverse and single longitudina mode with the spectrum
bandwidth close to that of the injection laser. Phase locking is verified with the interference
pattern between the injection-locked lasers. The influence of the frequency detuning on the
(smultaneous) injection behavior is experimentally clarified. Necessary conditiors for the
injection locking of a broad-area laser array have been validated based on our experimental
results. In our second experimental design, a novel externa cavity design is for the
synchronization of the entire broad-area laser array. Experimental results show that al 19 broad-
area lasers are frequency-locked over the entire pumping current range. The combined far-field
beam profile from the laser array shows single mode with the beam quality close to that of a
single broad-area laser emitter. The wavelength of the array output can be tuned over 10 nm with

the side mode suppression ratio larger than 25 dB.

Theoretical and numerical work [33,34] revealed that coherent coupling of a phase-locked laser
array results in a very high light intensity which is proportional to the square of the number of
the lasers in the array. The coherent beam combination has been verified in an experiment on
low-power semiconductor laser array [15]. However, laser array is a highly nonlinear system and
possesses a variety of complex behavior. One needs to cope with both optical engineering and
nonlinear dynamics issues a the same time to account for dynamical stability of the
synchronized behavior. In addition, fabrication of lasers arrays is not a perfect process and
commercially available laser arrays usually show inhomogeneity in the spectrum. This makes it
extremely important to have a flexible experimental design that is capable of dealing with
nonlinearities of the system Indeed, in our research we address a number of nonlinear dynamics
issues in the synchronization of broad-area lasers. These include the effects of laser coupling on
the synchronization performance and the giga-hertz complementary intensity oscillations
occurring at different transverse modes of broad-area lasers subject to an optical injection. Our
experimental designs make it possible to address the above issues: we control the injection into
each laser cavity to achieve ssmultaneous injection locking with constant phase relationship for
different pairs of broad-area laser diodes; and conceive external cavity with adjustable feedback

strength and direction for synchronization of laser array.



2. SYNCHRONIZATION USING INJECTION LOCKING DESIGN

Optical injection from an externa single-mode light source proves to be one of the most efficient
ways of synchronizing high-power lasers. Injection locking of multiple stripe gain-guided laser
diode array with an overall array aperture of 100 nm~ 1 nm and atotal output power of less than
1.2W has been reported in the literature [10-14]. The injection locking of one single broad-area
laser of an aperture up to 100 mm”~ 1 mm and a maximum output power p to 840 mW has also
been demonstrated [3-9].

Here we describe experiments on injection locking of broad-area high-power lasers in a bar of a
19-laser array using a single-mode laser as the source of injection. We show that with less than
0.5 mW of injection power into each one of the 19 lasers, 1 W of single-mode coherent output
power can be obtained. The spectrum bandwidth of the injectionlocked broad-area lasers is as
narrow as that of the injection laser regardiess of the output power. We discern that the injection
locking occurs at different parameter regimes where the free-running frequency of the broad-area
laser matches the injection frequency. Upon the successful locking of individual laser emitters,
we conduct simultaneous injection locking of pairsof high power broad-area laser diodes in a
19-laser array driven by a common current source. Each pair is injection locked using a single-
mode low power semiconductor laser. The frequency and phase locking are verified by the
optical spectrum and the interference pattern between the injection-locked lasers. The influence
of the frequency detuning on the (simultaneous) injection behavior has been experimentally
clarified. When a broad-area laser is subject to external optical injection, we observe giga-hertz
complementary intensity oscillations at different transverse modes of the laser. We consider such
oscillations are due to dynamical filamentation of broad-area lasers at intermediate states of

injection locking.
2.1 Injection Locking of Individual Broad-AreaLasersin the Array

The experimental setup is shown in Fig. 1. The single-mode master laser used in this experiment
is a laser diode (TOPTICA DL-100) with a linewidth of a few MHz and a maximum output
power of 100 mW. The wavelength is tunable between 800 and 810 nm with an external grating.
An optical isolator with an isolation of 60 dB is used to block the light reflecting back into the
master laser. An optical attenuator and a half-wave plate are used to respectively adjust the



power and the polarization of the injection light. We use two cylindrical lenses (L1 and L2) with
appropriate focal lengths to collimate the output beam from the laser array. The beam of light
generated by each laser is selected by a thin dlit. The spectrum of each broad-area laser is
measured with an optical spectral analyzer (Agilent 86140B) in addition to a Fabry-Perot super

cavity for the fine measurement.

For the drive current well above the threshold, each broad-area laser exhibits multiple
longitudina modes. The mode separation is measured to be 0.08 nm for al lasers. The
dependencies of the wavelengthon the drive current and the temperature are measured to be 0.03
nm/A and 0.07 nm/K, respectively. In this experiment, we tune the central wavelength of the
broad-area laser by adjusting the drive current (with an accuracy of 0.01 A) and/or the

temperature (with an accuracy of 0.01 K).

Fig. 2 shows the experimentally measured lasing wavelength span for all 19 lasers in the array.
The drive current of the entire laser array is at 11A and the corresponding output power is around
150 mW. We observed that, within the wavelength span between 806 nm and 810 nm, the
longitudinal modes of the 19 lasers are dlightly different from one another. These differences are
due to the inhomogeneity of the laser array. We conducted optical injection experiments for each
of 19 lasers separately. The small rectangles in Fig. 2 show the injection wavelengths to which
each individual laser is locked. In this measurement, we have employed two injection
wavelengths: 807 nm and 808.6 nm. In achieving the injection locking for each individual laser,
the drive current of the laser array has to be slightly tuned at each time to obtain the optimum
injection efficiency. We have measured the far-field profile of each individua laser along the
low-axis direction, i.e., the direction paralel to the array junction. To do this, we remove the
dow-axis cylindrical lensL2 in Fig. 1 and put a 250-nm:-dlit between the laser array and the lens
L1 to select the light output of a particular laser. Figure 3 shows the far-filed profiles of the
LD#7 before (triangles) and after (circles) the injection locking. At the free-running state, the far-
field profile of the broad-area laser shows multiple lobes separated in a few degrees. When the
laser is injection locked, the far-field beam profile shows a single narrow lobe with a full width
at haf-maximum of about 0.4°, which is close to the angle of the diffraction limited beam from a

125-mm~wide emitting region.



In the following, we discuss the injection locking performance of a particular laser, LD#7, in the
array. The threshold drive current of this laser is around 8.4 A at 25.0°C. The wavelength of the
injection light is 808.75 nm and the injection power measured at the point ‘A’ of Fig. 1 is about
4.8 mW. First, we investigate the variations of the spectral structure of LD#7 when the drive
current is changed. We found that the injection locking performance strongly depends on the
drive current of the laser array. Successful injection locking occurs only at discrete regions of the
drive current levels, i.e., 13=8.5, 11.2, 13.8, 16.6, 19.3, and 22.0 A. Figure 4 shows the spectra of
LD#7 before and after the optical injection for these drive currents. All spectra are normalized
with the same scale. We have observed that: (a) a broad spectrum of the laser in the absence of
the optical injection and (b) a sharp single-mode operationof the laser after successful injection
locking. Note that, & 14=8.5 A, the light output is very weak since the laser is close to its
threshold. We integrated the optical spectrum over the wavelength and calculated the injection
locked power, i.e., the light output power at the longitudinal mode locked by the injection. At
low drive currents, the injection locked power exceeds 90% of the total laser output. At high
drive currents (I¢>2ly,), weak side-mode peaks are observed, indicating a less than perfect
injection locking of the laser. Even in this case, the injection locked power is estimated to be
about 60% of the total laser output. The output powers of the LD#7 at these six drive current
levelsare 15.4, 164, 361, 593, 816, and 1040 mW, respectively.

The optical spectrum of the injection-locked broad-area laser is measured with a Fabry-Perot
super cavity (FSR 6GHz, resolution < 6 MHz). We have measured and found that the spectral
bandwidths of the injectionlocked laser corresponding to the drive currents in Fig. 4, i.e, lqg=
85, 11.2, 13.8, 16.6, 19.3, 22.0 A, ae 8, 8, 9, 12, 10, and 8 MHz, respectively. These
bandwidths are nearly equal to the linewidth of the injection laser which was measured to be 7
MHz. The measurement also shows that an injectionlocked broad-area laser has a very good
single-mode behavior. The observed single-mode behavior is amost independent of the drive

current or output power.

We suggest a possible explanation why successful injection locking only occurs at some
particular values of the drive currents. Based on the measurements of the mode separation of the
laser (0.08 nm) and the wavelength dependence on the drive current (0.03 nm/A), we know that
the drive current increment required for shifting the lasing wavelength the amount of the mode



separation is about 2.67 A. Therefore, at each point of the drive current observed in the above
experiment, there might exist one longitudina mode of the broad-area laser that is very close to
the injection frequency. The match between the injection light frequency and one of the
longitudinal mode frequencies of the broad-area laser maximizes the injection efficiency and

therefore results in the optimum injection locking performance.

The locking range around each optimum drive current of the broad-area laser depends on the
ratio between the injection power and the slave laser output power. We have measured the
locking range for different drive current levels corresponding to Fig. 3. Figure 5 shows the
locking range of a specific broad-area laser (LD#7) in the array at 14»1.5ly,. Here, the injection
strength is defined as the sguare root of the injection power measured after the attenuator in Fig.
1. In general, when the drive current is low (14<2ly), the frequency range for stable locking is
linearly dependent on the injection strength The injectionlocking domain is asymmetrical with
respect to the detuning frequency. Such properties are consistent with the injection
characteristics of single-mode laser diodes [35]. At high drive currents, the locking range shrinks
due to the decrease of the ratio between the injection power and the slave laser output power
[36].

2.2 Dynamical Behavior of Injection Locked Broad-AreaLasers

We look into tempora dynamics of broad-area lasers subject to external optical injection. In this
experiment, temporal \ariations of laser intensity are measured with a high speed photoreceiver
(New Focus 1580, 12 GHz bandwidth) and the measured waveforms are shown in a digital
oscilloscope (Tektronix 694) with a sampling rate of 20 GHz and a bandwidth of 6 GHz.
Meanwhile, the spatial pattern of the broad-area laser output is monitored with a CCD array. In
the case when there are multiple modes in the far-field pattern, we use a dlit to select a particular

mode to measure its optical spectrum and temporal variations.

In gerera, the laser intensity in the free-running state shows a sustained relaxation oscillation
with the average frequency around 5 GHz depending on the drive current. When a stable
injection locking (based on the observation of optical spectrum and spatial pettern) is achieved,
there are two types of intensity variations in the light output. One is a stabilized output where the

intensity variation amplitude is much smaller than in the free-running state. It was found that for



a stabilized injectionlocked laser, the intensity noise level is close to that of the injection light.
The second type of temporal dynamics shows periodic oscillations. Compared to free-running
state, the oscillations in the injectionlocked state have much larger amplitude at lower
oscillation frequencies (~700 MHz). In many cases, we found that the injectionlocked laser isin
a bistable state and the output depends on the initial condition.

It is interesting to investigate spatial-temporal dynamics of broad-area lasers during the process
of injection locking. Of particular interest is the intermediate locking state of the laser where the
laser is already frequency locked but still exhibits multiple transverse modes. Although growth
and formation of complex spatio-temporal patterns in lroad-area laser amplifiers have been
described in many previous literatures [18,37-39], the spatial-temporal dynamics of lasers under
injection locking has not been studied. Here, we show experimental observation of temporal

oscillations in different modes of a broad-area laser subject to an optical injection. A typical

example is shown in Fig. 6. The far-field pattern in Fig. 6(a) clearly shows two main modes and
each has the divergence angle around 1°. The drive current is 1.3 times of the threshold and the
corresponding laser output power is about 100 mW. The injection light power is around 5 mW
(measured in front of the collimation lens) and the injection laser wavelength is 806.3 nm. In Fig.
6(b), we plot optical spectra of the laser with and without the optical injection for the mode ‘A’
in Fig. 6(a). The optical spectrum clearly shows that the laser is frequency-locked to the injection

light. Similar spectrum is also observed in other modesin Fig. 6(a).

We next simultaneously measured temporal intensity variations of the laser output at two main
modes (A’ and ‘B’) in Fig. 6(a) with apair of high bandwidth photo-receivers. Figure 7 shows a
pair of the typical time series. The two time series show complementary oscillations at a
frequency around 1.3 GHz. The oscillation frequency depends on the array drive current. The
dight difference between two waveforms is due to the weak far-field modes. The observed
complimentary giga-hertz oscillations suggest there exists a fast switching between two periodic
filamentation patterns inside the broad-area laser cavity due to the stable externa optical

injection. Further investigations are necessary to understand the underlying mechanism.



2.3 Simultaneous I njection Locking of Broad-Area Lasersin the Array

Since the separation between adjacent lasersin the array is much larger than the emission width
of each laser, we need to direct the injection beam into each laser separately to achieve an
efficient injection As a first step, we split the injection light into two paralel beams with two
sets of mirrors and beam-splitters as shown in Fig. 1. By shifting BS1 and M2 with translation
stages, one can selectively direct the injection beams into any selected pair of lasers in the array.
The beam splitting is realized by a pair of low-cost mirror and beam-splitter (BS) and can be
implemented in a compact size using micro-optics components. All injection beams are
controlled by the lens LO (dong x direction, see inset in Fig. 1) and the lens L1 (dong y
direction). The proposed beam splitting scheme can be easily scaled to the injection for more
lasers by including the corresponding pairs of mirror and BSs (it is important to note there is no
need to use individual collimation lens for each injection beam separately). The spot size of both
injection bearrs in front of the laser array is estimated to be about 100" 10 n?. The light output
of the laser array passesthrough the collimation lenses L1 and L2 and is selected by a thin dlit.

Our presumption is that, having emough injection power and homogeneity (in the spectrum) of all
lasers in the array, our approach would lead to the synchronization of al (or most) lasers in the
array. In the following experiments, we show that, by separately accessing individual laser in the
array, a stable simultaneous injection locking can be achieved for different pairs of broad-area
lasers whose free-running state longitudinal modes are close to each other. In order to achieve a
more efficient injection performance, we first look for pairs of lasers whose longitudinal modes
in the free-running state are close to each other. Then we set the injection light frequency to be
close to a certain main longitudina mode in the two dave lasers. The fine tuning of the
frequency matching between the slave laser and the injection light is accomplished by carefully
adjusting the drive current of the dave laser array. In this way, we are successful in the
simultaneous injection locking of any pairs of lasers in the array whose free-running longitudinal
modes are close enough. The tolerable mode difference depends on the injection power. For the
injection power of afew mW, we find laser pairs (LD#3, LD#4), (LD#3, LD#7), (LD#4, LD#7),
(LD#12, LD#14), (LD#12, LD#15), and (LD#14, LD#15) can be simultaneously locked. Figure
8 shows atypical result of simultaneous injection locking of LD#4 and LD#7. Here, the injection
light wavelength is 808.15 nm and the drive current of the laser array is 10.0 A. One finds that



both lasers are simultaneously locked to the same injection frequency. The side mode
suppression ratio in the spectrum of the injection-locked lasers is more than 20 dB for both
lasers. It is noted that there is no significant change in the light output power of the dave lasers

with or without the injection locking.

In order to verify the constant phase relationship between the locked lasers, we measured the
interference between the two injected laser outputs with a Michelson interferometric setup.
Figure 9 shows an example of the interference pattern between LD#4 and LD#7. A clear
interference pattern is obtained when the two lasers are injection locked. The results demonstrate
(1) a constant phase difference between the injectionlocked lasers and (2) the stability of
injection locking of both longitudinal modes and transverse modes.

We verified that the observed simultaneous injection locking is very stable and rather robust to
the mechanical noise. The interference pattern in Fig. 9 is stable for hours of time interval. The
interference, however, shows a critical dependence on the frequency detuning between the
injection and dave lasers. Figure 10 shows the measured visibility of the interference fringe as a
function of the frequency detuning which is controlled by the drive current of the laser array.
One observes a very sensitive dependence of the visibility on the frequency detuning. In fact, 1
GHz of the frequency detuning from its optimum value will result in the degradation of the
visibility more than one order of magnitude. It is worth noting that the visibility shows an
asymmetrical dependence on the frequency detuning, i.e., the visibility deteriorates much faster
at the positive frequency detuning than the negative detuning, a fact consistent with the injection
locking range in Fig. 5. Furthermore, the observed sensitive dependence of the visibility on the
frequency detuning indicates that the observed interference pattern is indeed from the light
outputs of the injectionlocked broad-area lasers rather than the possible reflection of the

injection lights from the facets of different lasersin the array.

The above results suggest that frequency matching is essential in order to achieve stable
(ssmultaneous) injection locking with a moderate injection power. Since the laser array is driven
by a common current source and the inhomogeneity is relatively large, we find it challenging to
achieve frequency match between the injection light and all dave lasers in the array at the same
time. A better quality (more homogeneous array) would require much less injection power.
Alternatively, one may consider using an array where each individua laser diode can be driven

10



separately. It is expected that simultaneous injection locking of multiple lasers can be achieved

when the frequency of each laser is separately controlled.
3. SYNCHRONIZATION USING EXTERNAL CAVITY DESIGN

External cavities provide another efficient control of the transverse mode of semiconductor lasers
because they offer many degrees of freedom. Most of experiments on spatial mode control were
performed with diode laser arrays by use of an intracavity spatia filter, an external mirror with a
nonuniform reflectivity or phase profile, or external grating for spectrum beam combining [16-
28]. The lasers used in these experiments are either a single broad-area laser or a multiple-stripe
laser array [16-24]. In this paper, we describe our experimental design for synchronization of an
integrated broad-area laser array using an external cavity consisting of a lens array, projection
lenses, and a diffractive grating. Each laser emitter is separately collimated with a cylindrical

lens array that is designed to match the laser array configuration. By appropriately locating the
lens array, the laser array output is split into two beams at different angles with adjustable power
ratio. One output beam from the array is fed back from a diffractive grating in a Littrow
configuration through projection lenses in the externa cavity. The other beam is used as the
array output. We demonstrate the frequency locking of all laser emitters over the entire pumping
current range from the threshold (~ 9 A) to 22 A where the output power of the laser array

exceeds 20 W. The far-field pattern of the laser array shows significant improvement in terms of
the energy ratio in the center lobe. The wavelength of the array output can be tuned over 10 nm
with the side mode suppression ratio larger than 25 dB.

3.1 Experimental Design

The laser array geometries have alarge spacing (500 mm) between the lasing apertures. Coherent
operation of these arrays produces many far-field side-lobes and reduces main lobe power. Since
the broad-area laser emitter has a very asymmetric emission aperture (125 nm’ 1 nm), the laser
output shows different beam qualities along fast and slow axes. Along the fast axis direction, the
emission size (~ 1 nm) is close to the laser wavelength (around 0.8 mm) and the output beam
shows a fundamental Gaussian mode with a large divergence angle. The beam collimation along
the fast axis is conducted by a gradient index (GRIN) cylindrical lens with a very short focal

length (1.3 mm) and large numerical aperture (0.5). Along the slow axis direction, the emission
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size (125 mm) is much larger than the laser wavelength and the output beam exhibits higher order
modes with multiple lobes in the far-field pattern. Control of the transverse mode aong the slow
axis direction is required to achieve the single mode operation. In this experiment, we use a
cylindrical microlens (f=1.8 mm, D=0.5 mm, R=1.0 mm) array to collimate the array output in
the dow-axis direction. The separation between each lens is designed to match the laser array.

Both fast axis collimation lens and slow axis lens array have AR coating around 810 nm.

Our experimental design makes it possible to obtain a single-lobed far fields. The beams from
the individual laser emitters are allowed to diffract until they just start to overlap. A microlens
array is placed in the sowaxis plane (the plane formed by the junction direction and beam
propagation direction) to collimate each of the individual beams, i.e., provide a filled aperture for
each laser emitter. If the coherent laser array has a uniform phase, a near single-lobed far-field
pattern can be created.

Apart from the beam collimation, the lens array can also be used as a beam splitter in the
experiment. To this end, we shift the lens array along the x direction in Fig. 11. Figure 12 shows
the far-field intensity distribution of the laser array output along the x direction. When the
position of the lens array matches exactly that of the laser, more than 95% of the laser array
output is focused in the central lobe as shown in Fig. 12(a). When the lens array shifts 250 nm
relative to the laser array, two central lobes appear at the far field with roughly equal intensity as
shown in Fig. 12(b). The angle between two lobes is about 14°. The light intensity in the rest
lobes of Fig. 12 is less than 5% of the total output. The ratio between the two main lobes can be
continuously tuned from 0.1 to 10 by shifting the lens array along the slow axis.

Thefirst part of the array output beam is feedback by an external cavity as shown in Fig. 11. The
external cavity consists of two cylindrical lenses and a diffraction grating (830 I/mm with the
blaze wavelength of 830 nm). Both lenses have the focal length of 300 mm. The first lens
collects the beam at the ow-axis direction and is located 300 mm away from the lens array. The
second lens collimates the beam at the fast-axis direction and is located 50 mm from the first
lens. The diffraction grating is set in a Littrow configuration with the grove vertica to the array
direction. The blaze angle is about 20° and the first order diffraction beam reflects more than
95% of the incident beam. Both CL1 and CL 2 are optimized based on the reflected light from the

external cavity. The position of CL1 is adjusted to achieve the clear image of the laser array at

12



the front of the lens array. The position of CL2 is optimized according to the best frequency
locking performance.

The second part of the array output is employed as the array output. Both the optical spectrum
and the spatial beam properties are measured at two locations. ‘A’ and ‘B’ in Hg. 1. Location
‘A’ shows the image of the laser array where the light output of each individual laser emitter can
be characterized separately. Location ‘B’ is a focused laser array output where the combined
property of the laser array output is evaluated. At each location, a part of the beam is collimated
into an optical fiber for a online monitor/measurement of the laser spectrum with an optical

spectrum analyzer.

The beam split can be briefly described based on the diffraction from the laser emission aperture.
Here only the dow axis (x-axis) is consdered since the fast axis laser beam has the fundamental
Gaussian mode and is collimated by the cylindrical lens. Therefore the laser emission aperture
can be assumed as a dit with the width 2a (=125 nm). Assuming the laser emits a homogeneous

beam, the Fresnel diffraction function of the laser output in front of the lens array can be
expressed as [40]

e ; ! !
0()= [ exp(- jpx )’ M

where X = x/fld is the normalized coordinate, | is the laser wavelength, d is the distance
from laser to lens array, and N, = a?/Id is the Fresnel number. The diffraction function can be

evaluated using Fourier-transform as g(X) = F {G (v)} with

G(n)zﬂnc(ﬂn)exp(jpnz), )
where n =q,/d/l is the normalized spatial frequency.

As shown in the inset box of Fig. 11, each lens only receives a part of a particular laser emitter.
For the experimental setup used in our experiments, parametersarel =0.8 mm, 2a= 125 mm, s=
500 nm, and d = 3500 nm, and N » 1.4. The divergence angle of the beam from each laser

emitter is estimated to be about 1.4°. Therefore, the incidence beam to the lens array can be
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considered to be nearly parallel and the resultart beam deflection is due to refraction of the lens.
The deflection angle is estimated to be about +7° in the current experiments, which is consistent
with Fig. 12 (b).

The present experimental design has a number of advantages compared to previous experiments
[16-27] using external cavities. First, by using a lens array to split the laser output beam, no
beam splitter is needed in the external cavity and the laser power loss can be avoided. Second,
the feedback strength can be easily controlled in alarge range through the continuous adjustment

of the ratio between two lobes of the array output beam.
3.2 Experimental Results
3.2.1 Waveength locking of individual lasers

Figure 13(a) shows the optical spectra of al 19 laser emitters at the free-running state measured
at the location *A’. Each laser islasing at a different center wavelength with the bandwidth about
1 nm. Figure 13(b) shows optical spectra of all lasers operating in the external cavity. All lasers
are locked to the single longitudina mode with the linewidth as small as 0.1 nm. However, the
locked wavelength of the laser is dightly different from each other. A series of experiments on
wavelength locking at different conditions have been conducted and from all these experiments
we found that lasers at the end of the array always show different locking wavelengths from the

center part.

We believe that the observed locking wavel ength inhomogeneity is due to several factors. Oneis
the ‘smile’ of the laser array which results in the dlight shift of the beam incidence angle onto the
grating. The laser array used in the present experiment has the ‘smile’ about 7 nm. Reduction of
the locking wavelength inhomogeneity can be expected through the ‘smile’ control. Another
factor is the interaction among different laser emitters in the loop of optical feedback. The
broadening of the each laser emitter in the slow-axis direction certainly induces certain
interactions among near neighborhood lasers. The diffuse focus established by the dow-axis
cylindrical lens also ensures crosstalk between submodes and between laser emitters so that the
laser resonance modes lock onto each other [24]. We conducted an experiment to verify the
influence of the laser interaction on the locking behavior of a specific laser. We put an edge in
the feedback loop and shift the position of the edge as shown in the location ‘C’ of Fig. 11 to

14



change the feedback amount. A typical result is summarized in Fig. 14. The five graphs plot the
optical spectrum of the laser emitter #3 at different edge positions:. fully opened state, 75%, 50%,
25%, and fully closed state, respectively. The results show that 50% of the feedback is required
in order to achieve the wavelength locking. Another indication from Fig. 14 is that the amount of
feedback strength affects the locking wavelength. We consider that such effect is related to the
wavelength shift in Fig. 13(b) since lasers at the end side of the array receive less contribution

from their neighborhoods.
3.2.2 Synchronized laser array output

The total light output from the laser array is focused with a pair of cylindrical lenses at the
location ‘B’. Both the spatial distribution and optical spectrum are measured. First, we show the
gpatial distribution in Fig. 15. Two profiles plotted correspond to the far-field light intensity
distributions at the free-running state and with the external cavity, respectively. When the laser
array is coupled to the external cavity, the far-field beam profile shows much narrower center
lobe with the beam divergence angle of the center lobe is about 0.6°, which is close to the angle
of the diffraction limited beam from a single emitter without external cavity. Compared to the
free-running state, the spatial coherence is improved about 7 times due to the optical feedback
from the common external reflector. Spatial coherence can be further enhanced with the
reduction of low ‘smile’ and AR-coating ratio of the laser array [41]. It can aso be improved by
optimizing the collimation optics. One method is to employ two microlens arrays in the
collimation optics so that the first lens array increases the filled aperture of each laser and the

second array manipulates the beam.

The optical spectrum of the total laser array output is also measured. Fig. 16(a) shows the free-
running state optical spectrum while the Fig. 16(b) shows a series of the locked spectra. We
found that the central lobe of the entire laser array output exhibits single longitudinal mode with
the wavelength consistent with the center part of Fig. 13(b). The wavelength can be continuously
tuned by rotating the grating. In Fig. 16(b) the wavelength of the laser array is tuned from 802
nm to 814 nm. At each case, the side mode suppress ratio is larger than 25 dB. It is noted that the
laser is locked to the same wavelength when the drive current increases from the threshold value
(~9 A) to 22 A. Wavelength tunability of the laser is useful in various applications where
frequency matching is required. A precisely controlled wavelength and spectral width would
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result in more efficient and consistent operation in optical communication, spectroscopy, and
medical applications [11,42-46].

4. SUMMARY

In this paper, we have described two experimental designs for synchronization of high power
broad-area laser arrays. The proposed techniques can be in principle applied to large arrays with
arbitrary configurations including the stacked array. The first design involves injection locking
of multiple broad-area lasers in an integrated array from a single-mode light source. Single
frequency and single transverse mode have been simultaneously achieved in a couple of laser
emitters in the array. The stable phase relationship between the injection-locked lasers is verified
through the interference pattern. Both static and dynamic properties of broad-area lasers under
external optical injection have been studied. We revealed that the injection locking occurs in a
scenario of frequency locking to transverse mode locking. Giga-hertz complimentary oscillations
have been observed from the broad-area laser at the intermediate injection locking state where
the laser shows a frequency locking while displaying two transverse modes. Such observation
suggests that there exists a giga-hertz dynamical filamentation in the frequency-locked broad-
area laser. Our experimental observations reveal that the injection locking performance of broad-
area lasers largely depends on the frequency matching between the master and slave lasers. If the
mode of each slave laser in the array is matched to that of the master laser, simultaneous locking
of al the lasers in the array may be realized based on our injection scheme with a low injection
power.

In the second design, we have demonstrated a novel external cavity configuration for
synchronization of all 19 laser emitters in the array. The external cavity consists of array
collimation, projection lenses, and diffraction grating. The array output beam is split in a
controllable manner by adjusting the lens array. In this way, a part of the array output is feedback
from the external grating assembled in a Littrow configuration and the complimentary output
beam is taken as the array output. All 19 lasers are frequency-locked to the single mode with a
narrow spectrum bandwidth. The total laser output shows much single longitudinal mode and
single transverse mode with the far-field angle close to the diffraction limited angle of a single
broad-area emitter without external cavity. The wavelength of the array output can be tuned over
10 nm with the side mode suppression ratio larger than 25 dB.
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The laser array used in this work has a characteristic geometry of high power arrays available in
the conventional market. Each laser emitter in the array has an emission aperture dimension of
more than 100 mm with the laser spacing of 500 nm. Scalability is a magjor issue in locking large
laser arrays where each emitter has multiple mode lasing and laser spacing is much larger than
the emission aperture size. Our experimental designs do not have restrictions on the number of
emitters as well as the array configuration. The experimental results strongly suggest that the

proposed designs can be used to synchronize high power laser arrays at modern configurations.
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FIGURE CAPTIONS

Figure 1 Schematic experimental setup. ALD: array laser diode, MLD: master laser diode, LO:
injection beam collimation lens, L1: fast-axis cylindrical lens, L2: low-axis cylindrical lens, Ol:
optical isolator, HWP: haf-wave plate, ATN: attenuator, BS: beam splitter, M: mirror. Inset:
configuration of 19-laser array.

Figure 2 Free-running wavelength span of all 19 lasers in the array around 14=11 A (=9 A).

The rectangles mark the injection wavelength at which each laser is locked.

Figure 3 Transverse mode of broad-area laser emitter before (triangles) and after (circles)
injection locking. The injection power is about 5 mW (in front of injected laser) and output
power from the broad-area laser is about 150 mW.

Figure 4 Optical spectra of LD#7 at different drive current levels. (a) Spectrum of free-running

state and (b) spectrum after injection locking.
Figure 5 Injection locking range versus the injection strength for LD#7 at 13»1.5l4,.

Figure 6 (a) Far-field intensity distribution and (b) optical spectrum of broad-area laser under
optical injection at 806.3 nm. Optical spectra measured at ‘A’ and ‘B’ in (&) show similar

distributions.

Figure 7 Temporal variation of simultaneously measured at two main spatial modes (‘A’ and ‘B’

in Fig. 6) (a) before and (b) after injection locking occurs.

Figure 8 Optical spectrum of (a) LD#4 and (b) LD#7 before (lower trace) and after (upper trace)
the injection locking. The spectrum after the injection locking is vertically shifted for better
exhibition. The lower and upper traces are plot with the same scale.

Figure 9 Interference pattern between light outputs of LD#4 and LD#7. (a) Before injection

locking and (b) after injection locking.

Figure 10 Visibility of the interference pattern between two locked lasers (LD#4 and LD#7) as a
function of the frequency detuning.
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Figurell Schematic of experimental setup. Both top view and side view of the setup are shown.
‘A’: image plane of laser array, ‘B’: focal plane of laser array, ‘C': edge for feedback level
adjustment, CL: cylindrical lens. Inset box: sketch of beam splitting with lens array.

Figure 12 Far field intensity distribution of the laser array after the lens array at different
conditions. (a) Lens array position matches laser array and (b) the position of lens array is shifted

250 mm (half of the laser spacing) from (a).

Figure 13 (a) Optical spectra of 19 emitters at free-running state; (b) optical spectra of 19

emitters with external cavity. The drive current was set at 19 A.

Figure 14 Optical spectrum of the laser emitter #3 at different edge positions of ‘C’ in Fig. 11.
The drive current was set at 19 A.

Figure 15 Combined far-field beam profile of the entire laser array measured at ‘A’ for the drive

current of 19 A.

Figure 16 (a) Optical spectrum of the entire array output at free-running state. (b) Optical
spectrum of the entire array output with external cavity. The wavelength is tuned from 802 nm to
814 nmin (b). The drive current is 22 A.
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