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ABSTRACT 
 
 

We report preliminary results on the feasibility of a compact source of high power and high 
intensity coherent radiation emitted from an array of semiconductor diode lasers via the injection of a 
controlled electromagnetic field into the cavity of each laser. The new source is expected to generate 
coherent radiation of the order of magnitude of 10 Watts and to spawn a new laser technology of 
compact high power devices.   

 
 

 

INTRODUCTION 

 
In recent years there has been a dramatic increase in demands for high power, high intensity 

diffraction limited beams. High power compact coherent sources are extremely useful in many 
engineering applications. For this reason, phase-locked arrays of diode lasers have been studied 
extensively over the last 15 years [1,2]. Such devices have been built to achieve high coherent radiation 
for applications such as space communication, blue-light generation via frequency doubling, optical 
interconnects, parallel optical signal processing, high-speed, high-resolution laser printing, and end-
pumping solid-state lasers. Conventional, narrow-stripe (< 3 - 4 µm wide), single-mode lasers provide, 
at most, 100 mW reliably [1], since they are limited by the optical power density at the laser facet. For 
reliable operation at watt ranges, broad-area laser (BAL) arrays with large-aperture (= 100 µm in width) 
are necessary. However, such BAL arrays usually exhibit multi-lateral-spatial modes and the output 
beams are mutually incoherent. Thus, the challenge has been to obtain single-mode operation from 
large-aperture devices, and maintain stable, coherent behavior to high power levels.  

 
Laser arrays provide an intriguing class of nonlinear dynamical systems with many degrees of 

freedom. Of particular interest is the emergence of mutual synchronized behavior where all the 



elements execute in-phase oscillations. This phenomena is very important in a variety of engineering, 
physical, and biological systems, yet our current theoretical understanding of the subject is far from 
being complete.  Stability of the in-phase dynamics in laser arrays was recently theoretically studied 
for both solid state [3-6] and semiconductor [7-9] lasers. It is well documented [10] that the most 
common behavior in laser arrays is, indeed, the anti-phase behavior where the phases of adjacent 
lasers differ by π. Therefore, an external forcing is required to induce stable in-phase dynamics.  

To overcome the antiphasing tendency and to maintain stable and coherent operation of the 
array, one possible technique is to inject a controlled electromagnetic field into the cavity of each 
laser. This field will synchronize the array and control chaos if it arises. Some of the challenges 
associated with the successful implementation of this idea are: 

  
• Achieve effective uniform injection into each laser with a moderate power single -mode laser.  
• Phase lock the array (though lasers are almost identical, the desired in-phase state is unstable for a 

broad range of parameters) and maintain the coherence.  
 

Injection locking has been successfully used to obtain single mode emission in high power 
diode lasers or laser arrays [11]. The general method is to inject an external beam from a master single 
frequency laser into the cavity of the slave laser (see Fig. 1). The incident angle can be adjusted to 
stimulate a specific mode, which gives high coherent output power. An alternative approach is to 
feedback part of the output beam through grating, etalon, or phase conjugate mirror. 
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Figure 1 Schematic diagram of ordinary injection locking. 

 
A free-running broad area diode-laser array usually generates output with a broad spectrum (∼ 

3 nm). Its far-field intensity distribution exhibits large divergence. When injection-locking is 
introduced, the spectral distribution will follow the injection laser. As a result, both the spatial and 
spectral power density are improved [11,12]. The injection-locking efficiency relies on the injected 
power, which may range from 0.1% to 10% of the output power depending on the injection structure. 
For closely spaced and internally coupled laser arrays, uniform or even single stripe injection can 
achieve a satisfactory effect at low current. However, for broad stripe and widely separated high power 
laser arrays, the lateral mode structure is more complicated. High power operation also brought robust 
conditions for maintaining coherent operations. Maximum injection effect can be achieved via 
individually controlled mode matching. Individually controlled phase modulation gives us another 
freedom to fine-tune the injections. To our knowledge, these techniques have not been used on broad 
stripe laser arrays. 

 
To achieve phase locking, couplings among diode laser emitters are required. To phase lock 

broad stripe laser arrays, external coupling might provide the only viable approach. Global couplings 
[13,14] can provide automatic phase locking via gain control. However the stability region in global 



coupling is small compared with nearest neighbor (series) couplings. With larger drive current, the 
system can be driven into chaos easily. With nearest neighbor coupling more external controls can be 
applied, thus helping us to collect information on phase locking high brightness diode laser arrays. 

 
Here we present preliminary results on the theoretical analysis and experimental implementation of the 
idea discussed above.  

 
 

PHASE MODEL ANALYSIS FOR TWO-LASER ARRAY 

 

Solid state [3-6] and semiconductor [7-9] lasers are considered class B lasers and are 
described by similar dynamical equations. For solid state lasers, under certain dynamical conditions 
[3,15], the main features of the full dynamics are adequately captured within a simplified description, 
called the phase model. Here we present the analysis of the entrainment of coupled solid state lasers 
over a large range of injection fields [15] (work on semiconductor laser arrays is in progress). In 
particular, we elucidate a newly observed dynamical behavior of the total output intensity, namely, 
strongly nonmonotonic growth as the function of the injection strength [4].    

Our starting point is the system of equations describing the dynamics of two evanescently 
coupled lasers, where the polarization is adiabatically eliminated [3-6]: 
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The variables Ej and Gj are the dimensionless complex electric field and gain for the jth laser. 

All times and frequencies are scaled relative to the cavity round trip time, τc, and τf is the fluorescence 
time of the laser medium; αj and pj are the dimensionless cavity decay and pump rates for the jth laser 
respectively, κ is the evanescent coupling constant between the two lasers, and Ee(t) is the slowly 
varying amplitude of the external field which drives each laser.  Eqs. (1.1) are written in a frame 
rotating with frequencyωe, at which the external field has a non-zero Fourier component. This 
frequency is tuned to minimize the detuning from the cavity resonances. In practice, the output power 
emitted from an array depends on the tuning of external field to the cavities [16]. The detuning δj ≈  ωe 
-ωcj, where ωcj  is the cavity resonance frequency for laser j. For solid state lasers, the latter dynamic 
contribution to the detuning is generally ignored. A variation in detuning amongst the lasers would 
result from a variation in cavity lengths for the laser elements. However, we have in mind a single 
cavity containing the array.  

 
In the following, we allow for a small spread in detunings as a way to test the robustness of 

the entrainment mechanism to a physically reasonable parameter spread. We assume αj = α, pj = p,     

p > α.  Substituting ( ) ( )exp( ( ))j jj
E t I t i tφ= , where Ij(t) and φ j(t) are the intensity and the phase of 

laser j and assuming ( )
ee

E t I= to be a constant field, the model equations for two lasers reads: 
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Eqs. (1.2) have been studied theoretically for N coupled lasers [4] and the condition for full 
entrainment has been derived. This condition assumes small deviations in detunings and small 
coupling.  We denote the dimensionless amplitude of the injected field by 

 where 1.e eA I I I p α= = −  Ideally, to entrain an array of N identical lasers requires injected field 

amplitude 4 , or 4 .
entr entr

A A Iκ κ= =  The functional form of the total output intensity may 
significantly depend on the parameters of the array (such as detunings and the coupling constant).  

In Fig. 2 we show the normalized total intensity 2 2

1 2
(| | | | ) / 4

tot
I E E I= +  of two coupled 

lasers as a function of Ae. The injected field frequency approximately corresponds to the average of 
frequencies of each laser, thus it is tuned to minimize the detunings from the cavity resonances. 

Figure 2. The normalized total intensity, 
2 2

1 2
(| | | | ) / 4

tot
I E E I= + , as a function of the strength of the 

dimensionless injected field, e eA I I= . An inset shows the averaged normalized total intensity, 
tot

I , as a 

function of 
e

A .  
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We continuously change the strength of the injected field to mimic an experiment where the injected 
field is gradually increased. Initially, the total intensity grows with the injected field. When the 
injection strength reaches the critical amplitude, Ac, the total intensity drops discontinuously to a 
significantly lower level. We notice that, just below Ac, the total output intensity of the array is about 
70% of the maximum intensity (at full entrainment), but requires only about 20% of the entrainment 
injected field, Eentr. We estimate that if we apply a different set of initial conditions, the probability to 
obtain qualitatively very similar behavior, as demonstrated in the Fig. 2, is in the vicinity of 60%. Our 
estimation is based on simulating a sample of 500 realizations of distinct initial conditions. In the inset 
of Fig. 2 we present the averaged value of the normalized total intensity of two coupled lasers versus 

the dimensionless amplitude of the external field e eA I I= .   The curve is obtained by numerically 
solving Eqs. (1.2) for two coupled lasers and averaging over 500 realizations of the initial conditions. 

 
 A characteristic feature of independent solid state lasers (i.e. without coupling and external 
field) is that, for any initial data their intensities and gains relax to a stationary state 

( , ) ( 1, )I G p α α= − , i.e. the amplitudes | |  jI I− and | |jG G−  decay to zero. Numerical 
experiments [4], using physically realistic parameter values, show similar transient behavior of 
intensities and gains in the full laser array system, where both coupling and excitation terms are 
present. Once these transients have decayed, it turns out that the dynamics of the phases no longer 
depend on intensities. This motivates, at least at a heuristic level, the use of the phase equations in Eqs. 

(1.2), with jI I= , as an approximation model to the full system. It turns out that the phase equations 
retain the essential features of the dynamics and can be used to explain the nonmonotonic behavior 
displayed by the solution of the complete system (1.2) [15]. 

 
To better understand the dynamics of laser array, phase models are widely used. Phase model 

is a very powerful tool to study dynamics of coupled lasers [3] and laser arrays [4]. It is used mostly in 
analysis of solid state lasers  (rather than in semiconductor lasers) in situation where the fluctuations of 
the intensities and gains of each laser are small. The phase equations in (1.2) provide a significantly 
reduced description which captures nevertheless the essential dynamics, including the sudden drop in 
output intensity depicted in Fig. 2, as we now show. The frequency of the external field is tuned to 
minimize the detunings from the cavity resonance, thus we may assume 

1 2
( ) 0δ δ+ ≈ . This 

assumption allows us to reduce the dimensionality of the parameter space and carry out the 
(simplified) analysis of the dynamics and of the fixed points in the plane 

1 2
( , )δ δ κ− . On this plane, 

we use experimentally suggested parameters for weakly coupled solid state Nd:YAG lasers [17], 
therefore we look in the rectangle ( 0.5, 3)κ ∈ − −  and 

1 2
(0,1).δ δ δ≡ − ∈   

With these assumptions, the stationary form of the phase equations in Eq. (1.2) reads: 
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The first equation in (1.3) implies that either  a): 

2 1
(2 1)mφ φ π− = +  or b): 
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only possibility is the class (b) of solutions which, in turn, can be divided in two sub-classes: m even 
and m odd. For m even, the second equation in (1.4) becomes: 
 

 ( ) 2 sin 2 sin 0
2

e

x
f x x Aδ κ≡ − − − =  (1.4) 

where we substituted 
1 2

δ δ δ= − , and  
2 1

x φ φ= − . 
 

For small values of Ae, this equation has two solutions, one stable and one unstable. By 
increasing the strength of the injected field Ae, a saddle-node bifurcation occurs at a critical value, Ac. 
For Ae > Ac, Eq. (1.4) has no real solution. To determine Ac, we solve the system 

( ) 2 sin sin 2 0
c c c

f x x A xδ κ= − − − = , and ( ) 2 cos cos 2 0
c c c

f x x A xκ′ = − − = . Making the 

substitution tan / 2
c

x z=  and eliminating Ac we obtain a cubic equation for z that admits the explicit 
solution: 
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where  3 2 2 2( 3) ( 2) , 48 ,D p q p δ κ= + = − and 3 34 864 .q δ κ δ κ= +  Then up to higher order 

terms, 1 3( 12 ) 12
c

z δ κ δ κ= − +  and the critical amplitude where the jump in intensity occurs is [15]: 
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For m odd, the second equation in (1.3) reads: 

 ( ) 2 sin 2 sin 0.
2

e

x
g x x Aδ κ≡ − − + =  (1.7) 

A similar analysis shows that this equation has two solutions, one unstable close to 0x ; and 
one stable, close to x π; . Thus, at small values of the amplitude of the injected field Ae, the system 
has two stable solutions, one close to π/2 that solves the Eq. (1.4) and one close to π that solves Eq. 

(1.7). Since the total output intensity is given by 24cos ( 2),
tot

I x=  one solution has high intensity, 
while the other one has low intensity.  Each of these stable solutions has a basin of attraction and the 
selection of the solution depends, of course, on the initial conditions.  When Ae = Ac, the high-intensity 
solution disappears at the saddle -node point and for higher values of Ae only the low intensity solution 
remains. We obtained an excellent fit between the numerical and analytical expressions. The 
numerical simulations and theoretical analysis for larger arrays is in progress.  

 

EXPERIMENTAL SETUP   

 
The objective of the experiment is to investigate the feasibility of extracting high coherent 

power from a semiconductor laser array using optical injection of self and/or external optical fields. 
The experimental setup whose conceptual scheme is shown in Figure 3 is of master-slave type. For the 



master laser we have chosen a single mode tunable diode laser. For the slave laser we have chosen a 
high power (30W) broad area diode laser bar composed of 19 different non-coupled emitters. The key 
point in this setup is the ability to access light rays associated with each emitter separately.  This setup 
enables us to measure the intensity and relative phase of each emitter separately. This information will 
then be used to decide how to modify the system parameters so a high power coherent radiation can be 
achieved. The information from the emitters’ radiation profile will be used as control measure for 
modifying the amplitudes and relative phases of the injected optical field to each emitter separately 
and also to change the magnitude of the coupling between the different emitters.  

The detailed experimental setup is as follows: The master laser used for injection is a single 
mode tunable diode laser (DL100). The laser line-width is 1 MHz and maximum output power of up to 
120 mW. To avoid optical feedback into the master laser cavity, a Double Faraday Isolator (DLI from 
LINOS Photonics) with more then 60 dB isolation is used. Part of the beam is then sampled by a beam 
splitter (BS1) to be used as reference beam for the coherence measurements and the rest of the beam 
passes through a computer-generated hologram (CGH) optics (Rochester Photonics Corp). 
Illuminating the CGH with one beam produces an array of 21 equal spots. The size of those spots can 
be manipulated by the size of the spot in the entrance to the CGH. The distance between the CGH and 
the collimating optics (collimator 2) determines the distance between the spots. The collimated beams 
can be phase or amplitude modulated by a spatial light modulator (SLM1). The individually 
modulated injection beams are then passed through two beam splitters (BS2 and BS3) and a micro-
lens array, and enter the cavity of the diode laser bar as a seeding beams. The Diode laser bar (B1-81-
20c-19-30-A from Coherent) is composed of 19 emitters with 500µm spacing between centers and 1 × 
150 µm2 emitting surface. The output from the laser array is collimated by a micro-lens array with 
astigmatism compensation. The micro-lens array is coated with a low reflection coating, which will 
provide nearest neighbors coupling between the different emitters in the diode laser array. The 
coupling strength can be adjusted by changing the reflectivity of the coating and the distance between 
the laser array and the micro-lens array. The output beam from the diode laser bar are then past trough 
another SLM (SLM2) which can be used to select certain beams from the total output of the diode 
laser bar for measurements. The measurement system consists of infrared CCD cameras for near-field 
and far-field pattern observation; Mach-Zender interferometer for coherence measurement; scanning 
Fabry-Perot for mode structure measurement; and a monochromator for wavelength measurement. 
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Figure 3 Schematic diagram of the experimental arrangement 



The experimental setup suggested in Figure 3 was essentially realized (Figure 4). The 
measuring instruments were installed including the software and the hardware needed for the computer 
control over the instruments and the experiment. The main part of the measuring equipment include, 
CCD cameras for characterizing the far field and near field patterns of the emission from the diode 
laser bar, and a monochromator (From CVI) with resolution of 0.07nm for spectral characterization of 
the diode laser bar output. For higher spectral resolution a Fabry-Perot spectrum analyzer with 2GHz 
free spectral range and 100 MHz resolution is used.  

 
External optical injection into all the emitter cavities by the master laser was achieved.  The 

optical characteristics of the free running diode laser bar were measured. Without injection of external 
optical field or injection of optical feedback, the emissions from the different emitters are mutually 
incoherent and the beam divergence is large (beam divergence of about 10×35 degrees) as expected. 
Preliminary results of the influence optical feedback using partial reflective mirrors suggest that an in-
phase coherent radiation mode can be induced in the diode laser bar.    

 
One of the most important parameters that may affect the injection locking is the thermal 

stability. When the environment temperature changes, the resonant wavelength of the laser changes. 
When this change is larger than the longitudinal mode spacing ∆λFP, mode hopping occurs and 
injection locking fails.  The cooling system and the materials used for thermal contact were chosen as 
to avoid such a failure. The diode laser bar produces about 80 watt of heat power, while our cooling 
system (from “Neslab) is able to remove 500 watt of heat power. The cooling system seems to be 
efficient enough even when the diode laser bar is operated at full power.  

 

 
Figure 4: Actual Experimental Setup  

 

 



 

SUMMARY 

 
We have described preliminary work on the feasibility of a compact source of high power and 

high intensity coherent radiation emitted from the array of semiconductor lasers. Theoretically, we 
have studied how the total output intensity of two coupled lasers depends on the injection strength and 
elucidated mechanism of nonmonotonic behavior. In particular, we notice that, just below Ac, the total 
output intensity of the array is about 70% of the maximum intensity (at full entrainment), but requires 
only about 20% of the entrainment injected field, Eentr. This result is of great experimental importance, 
since obtaining high power injection in to laser arrays is not a simple task. In addition, by reducing 
injection strength, the input power for device operation is reduced, and we will explore this 
phenomena for larger laser arrays. Experimentally, we have essentially implemented the proposed 
design and we are in the process of fine-tuning the apparatus.  
 

In this paper we discussed in detail the in-phase synchronization of laser arrays. Besides the 
in-phase synchronization, other modes of synchronized behavior are of great interest for variety of 
application, as well as for better understanding the dynamics of laser arrays. We are planning to pursue 
studies on periodic and chaotic [18] synchronization between lasers in arrays, as well as between two 
distinct arrays.        
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