Qin Liu 
  
Sylvie Janicot 
  
Patrick Georges 
  
Gaëlle Lucas-Leclin 
email: gaelle.lucas-leclin@institutoptique.fr
  
Coherent combination of micropulse semiconductor amplifiers for water vapor differential absorption lidars

à la diffusion de documents scientifiques de niveau recherche, publiés ou non, émanant des établissements d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

INTRODUCTION 4

Continuous monitoring of atmospheric parameters and compo-5 nents is highly demanded in the atmospheric science community.

6

Lidar is one of the key atmospheric remote-sensing techniques 7 due to its ability to deliver high-resolution measurements [1]. Dif-8 ferential absorption lidars (DIAL) can provide a self-calibrated, 9 range-resolved atmospheric components mapping with a rel-10 atively low-power laser source [2]. It requires a pulsed laser 11 source with high spectral purity, which operates at two wave-12 lengths -one at the absorption line and the other away from 13 it [2]. In recent years, diode-laser-based DIAL architectures for 14 water-vapor measurements have been constructed [3,4], which 15 have demonstrated long-term autonomous operations under a 16 wide range of atmospheric conditions [4,5]. They utilize two 17 DBR diode lasers operating at 828.187 nm and 828.287 nm to 18 inject one tapered semiconductor optical amplifier (TSOA) al-19 ternatively. The transmitted pulse energy reaches 5 µJ, which is 20 limited by the maximum peak power that can be extracted from 21 a TSOA. Though this is adequate in ground-based platforms, a 22 higher pulse energy would be required for an airborne system 23 to achieve a high-resolution measurement along the airplane 24 traveling axis. The pulse energy can be further increased by 25 combining beams from multiple emitters. Among the different 26 beam-combining techniques that have been investigated [6], coherent beam combination (CBC), which is based on the construc-28 tive interference of coherent beams, is the only approach that 29 preserves the spectral purity as well as the beam quality of the 30 initial emitters [7,8]. With careful phase control and superposi-31 tion of the beams, the combined output would increase in power. Although the phase drift during the pulse is large in mag-141 nitude, its evolution is similar between the two TSOAs. The 142 maximal phase drift difference is 0.17 π at ∼5. 

32

Coherent combination of diode lasers has been demonstrated in

EVALUATION OF SYSTEM PERFORMANCE

× cos (ϕ 1 (t) -ϕ 2 (t))) (1) 
is calculated from the individual amplified pulse profiles P 1 (t) | I 1 (x, y)e iϕ 1 (x,y) + I 2 (x, y)e iϕ 2 (x,y) | 2 | I 1 (x, y)e iϕ 1 (x,y) | 2 + | I 2 (x, y)e iϕ 2 (x,y) | 2

(2)

and the overall combining efficiency η CBC is computed by an 161 intensity-weighted average of the local CBC efficiency over the 162 whole intensity profile [8]:

163 η spatial CBC = [(I 1 (x, y) + I 2 (x, y)) × η local (x, y)] dxdy [I 1 (x, y) + I 2 (x, y)] dxdy (3) 
The far-field intensity profiles I n (x, y) of the two amplified comparable to the one of the individual beams [10].

  33 continuous-wave (CW) operation with up to 47 edge-emitting 34 ridge-waveguide amplifiers resulting in a combined power of 35 40 W at 1064 nm[9]. CBC of TSOAs has also been achieved 36 in CW operation, and in pulsed regime with millisecond-long 37 pulses[10]. A maximum CW power of 17 W was demonstrated 38 with only 4 coherently combined TSOAs seeded by a DFB laser 39 diode at 976 nm. In pulsed operation (2 ms -50 Hz), the peak 40 power could be increased up to 23 W. It is noteworthy that under 41 pulsed operation, diode laser devices experience temperature 42 and carrier dynamics. Therefore, the beam properties and the 43 accumulated phase are not steady during the pulse. It makes the 44 phase-locking and coherent superposition of the beams more 45 challenging. 46 In this paper, we demonstrate for the first time the coher-47 ent beam combination under a µs-pulse regime of two TSOAs 48 operating at 828 nm. The phase dynamics through the TSOAs 49 during the optical pulse are investigated. The phase difference 50 between the amplified beams is actively locked to maximize 51 the combined pulse energy. The experimental combining ef-52 ficiency is evaluated and compared to theoretical estimations 53 to understand its limitation. Eventually, the mid-term average 54 power stability is measured. The CBC architecture is shown 55 as an innovative approach for the future development of high 56 peak-power diode-laser-based pulsed sources as those required 57 in direct-detection lidars.
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 211 Fig. 1. Diode-laser-based source with coherent beam combination of two high brightness tapered amplifiers (A 1 and A 2 ).
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 2 Figure2shows the resulted phase drifts experienced by the am-127
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 22 Fig. 2. a)The phase evolution during the pulse experienced by the amplified beams at 2.2 A, 5.3 A, 6.9 A, and 8.1 A with a magnitude of 0.7 π, 2.3 π, 3.5 π, and 4.6 π respectively. The pulse shape (red) is plotted for reference. b) Phase drifts experienced by the amplified pulses of A 1 and A 2 at ∼5.3 A. The resulting combined pulse profile (brown) is calculated using eq.(1) from the pulse temporal profiles and phases.
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 132 Fig. 3. Beam intensity profile of A 1 (a) and A 2 (b) and theoretical evaluation of CBC efficiency profile η local (x, y) (c) at 8.1 A.

Fig. 4 .

 4 Fig. 4. a) Combined pulse energy evolution with (red) and without (black) active phase control during 1000 s of operation at 6.9 A measured by PhD 1 . b) Density plot of ∼500 sets of combined pulses during 1000 s measured by PhD 2 . c) Relative intensity noise PSD of the stabilized (red) and free-running (black) power measurements (PhD 1 ).

The combining efficiency was evaluated by different methods, 254 such as the combined average power P CBC and the pulse profiles 255 of the combined beam P CBC (t). The combining efficiency de-256 creases from 88% ± 4% at 2.2 A to 82% ± 5% at 8. 
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