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Coherent combining of second harmonic generators by active phase control of the fundamental waves

Coherent beam combining (CBC) by active phase control could be useful for power scaling fiber-laser-pumped optical frequency converters. However, a fast phase modulator operating at the frequency-converted wavelength, a non-standard component, would be necessary. Fortunately, nonlinear conversion processes rely on a phase-matching condition allowing for indirect phase control using standard phase modulators. In this paper, coherent combining of second harmonic generators is demonstrated in both birefringent and quasi phase matching schemes in CW regime. Phase control operates at the fundamental wavelength, using all-fibered electro-optic modulators. An excellent beam combination is achieved with a residual phase error of λ/30 on the second harmonic wave.

Coherent beam combining (CBC) with active phase control is a very convenient technique to power scale laser sources far beyond the limitations of a single amplifying chain.

Through CBC, the power from multiple laser sources can be summed up, giving access to an overall power beyond thermal effects and optical damage threshold limitations for solid state lasers [1,2], or nonlinear effects limitations for fiber lasers [3][4][5][6].

On top of giving access to unrivalled levels of laser power, CBC with active phase control also offers great versatility. In a tiledaperture configuration, this technique is capable of performing beam shaping, wavefront correction for propagation through atmospheric turbulences and beam steering [7][8][9] Nowadays, lasers are commonly used with nonlinear optical components, in order to extend their operating wavelength range or to provide wavelength tunability through parametric frequency conversion. Pumped by a near infrared laser, second and third harmonic generators (SHG and THG) give access to the visible and ultraviolet part of the optical spectrum [10,11]. Conversely, downfrequency conversion of a near infrared laser can generate longer wavelengths, up to the mid-infrared bands of transparency of the atmosphere (3 -5 µm and 8 -12 µm) [12][13][14].

However, these frequency converters are not immune to maximum power limitations, as the nonlinear crystals used in these devices often suffer from low damage thresholds [15]. These damage threshold limitations are even more critical as frequency converters' efficient operation relies on the use of high peak power levels, potentially increased by thermal focusing effects [16].

Thus, nonlinear devices could also benefit from CBC with active phase control techniques, for power scaling above their standard limitations. Nonetheless, performing CBC by use of frequency converters requires the capability to control and to drive the phase of the converted waves. Unfortunately, phase modulators (or phase actuators) operating at specific wavelengths emitted by the nonlinear devices are not always available or offer limited performances. This issue becomes more stringent for tunable devices.

To our knowledge, the use of CBC in conjunction with frequency conversion has been scarcely reported. The developers of laserguide-star systems have used CBC to increase the power of a 1178nm fiber laser, then doubling this high power laser in a single nonlinear crystal to produce the targeted 589-nm wavelength [17]. A similar configuration has been demonstrated at different wavelengths for atom interferometry application [18]. Frequency doubling has also been used to build a 6 to 1 coupler in a single nonlinear crystal: a non collinear phase matching was implemented to combine 6 fundamental waves and phase control them to generate a single output second harmonic beam [19,20]. However, in these configurations, the use of a single nonlinear crystal for frequency conversion limits the total power in these experiments, due to the damage threshold of the crystal.

In this paper, we experimentally demonstrate that CBC with active phase control can be implemented for second harmonic generators, without controlling the phase of the second harmonic wave. We explain how CBC can operate with sole control of the fundamental wave phase, and result nevertheless in efficient coherent combining of the harmonic waves. This original CBC configuration can lead to very convenient and simple ways to combine and power scale frequency converters, as it rely on the same components and electronics as CBC of telecom lasers (for instance the fundamental wave lasers).

The physical principle takes full advantages of the phase relationship existing between the coupled waves in any nonlinear process. First, we introduce basic equations to express the electric fields for the fundamental wave and the second harmonic wave. For the sake of simplicity without loss of generality, we assume the beams to be both linearly polarized, and use scalar quantities. We limit our analysis to the case of continuous wave with monochromatic emission. The fundamental and harmonic electric fields can be written as:
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Where and 2 are the frequency of the fundamental and the harmonic wave and and their wave vectors. and are assumed to be real numbers, the phase of the complex amplitudes of the electric fields being and . In a lossless χ (2) -active nonlinear crystal, the evolution of the fundamental and second harmonic beams is driven by the coupled equations:
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with Δ = -2 . ' and ' are complex numbers that depend on the nonlinear susceptibility of the frequency converter medium, and on its refractive indices for the fundamental and harmonic waves. Solving these coupled equations under the assumption that the fundamental wave is not depleted (i.e. for low level of power), one can show that the energy is efficiently transferred from the fundamental wave to the harmonic wave if the phase matching condition is fulfilled, ie Δ = 0. It also results in a phase relation: = ) + 2 where ) stands for the phase component of the *' complex number [21].

Similarly, in the quasi phase matching (QPM) case, high conversion efficiency can be achieved in a periodically poled crystal when the relation between phases of the fundamental and second harmonic wave is = 2 [21]. In the case of critical phase matching, where walk-off is present, an offset of phase is added during the propagation, and there's still a fixed phase relation between the fundamental and harmonic waves.

For higher power levels, the depletion of the fundamental wave is significant and the propagation equations are solved using Jacobi elliptic functions [22]. Nevertheless, the phase relations remain valid in the undeleted regime in both the perfect and the quasi phase matching cases.

Due to those phase relations between the interacting fields, driving the fundamental wave phase leads to a full control of the second harmonic wave phase. For instance, in the QPM case, a + phase shift induced on the fundamental wave will result in a 2 + second harmonic phase variation.

Two experimental set-ups were built to demonstrate such indirect phase control and to validate the theoretical principle presented before: the first setup is a QPM scheme using two periodically poled lithium niobate (PPLN) crystals pumped by 1.55-μm Er:fiber lasers and the second setup is a standard phase matching scheme using two birefringent lithium borate (LBO) crystals pumped by 1.064-μm Yb:fiber lasers. Given the wavelength of fundamental waves, standard high bandwidth allfiber electro-optic phase modulators operating at the fundamental wavelength can be used. Figure 1 describes the PPLN experiment. Two 1.55-µm Er:fiber amplifiers are seeded by a master oscillator, in this case a 10-mW laser diode (JDS uniphase) operating at 1553 nm. On both optical channels, power amplification is achieved using commercial erbium-doped fiber amplifiers (2 W polarization maintaining Keopsys amplifiers). One of the 1.55-μm fiber amplifiers is phasecontrolled using a high bandwidth (400 MHz) fiber-coupled electro-optic modulator (EOM). This EOM (Photline) provides both the low amplitude phase modulation for frequency-tagging and the proper phase shifts to compensate for phase fluctuations. We use two different PPLN crystals in this experiment (5-cm long and 4-cm long respectively). The crystal temperatures are separately tuned to maximize SHG efficiency at 1553 nm. Fundamental and harmonic waves are filtered out using dichroic beam splitters. The two fundamental beams are overlapped to interfere on an InGaAs fast photodetector (Thorlabs DET 10C) while the two harmonic beams are overlapped to interfere on a silicon fast photodetector (Thorlabs DET 10A). A lock-in amplifier (Stanford Research SR 830) delivers the frequency-tagging modulation at 56.6 kHz on the EOM. It also demodulates the interference signal from the 775-nm sensitive photodetector, to extract an error signal. This error signal is locked-in to 0 by a proportional integral (PI) controller used to drive the EOM induced phase shift.

The layout for the LBO SHG experiment is similar. The master oscillator is a RIO Orion laser module at 1064 nm. Both 1.06 µm power amplifiers are homemade ytterbium-doped fiber amplifiers, each of them capable of delivering up to 30 W power. A fibercoupled electro-optic modulator at 1.06 µm controls the phase of one of the optical channels. Both LBO crystals are identical (4-cm long LBO manufactured by Cristal Laser and heated-up at 150°C). 

55µm detector

Phase locking feedback loop

In this experiment, the lock-in detection is performed by Mini-Circuits operating in the MHz range. The tagging frequency is fixed at 10 MHz. Two silicon photodetectors are used in this experiment, the first one on the 1.06-µm interference pattern and the second one on the 532-nm interference pattern. SHG CBC is achieved using the 532-nm interference signal for phase control.

To measure absolute phase values, we implemented I/Q detection in both experiments and for both the fundamental and second harmonic beams.

The goal of these preliminary experiments is to demonstrate the feasibility of indirect phase control, not to establish records in terms of SHG efficiency. Thus, the SHG efficiency is quite low, around a few % only (1.4% for LBO experiment and 2% for PPLN experiment) as the lasers are continuous-wave operating. SHG efficiency maximization would have required some enhancement: higher pump power, longer crystal or cavity enhanced SHG, a far more complex experiment than needed here.

Before performing indirect phase control we need to verify the phase relation between the fundamental and the second harmonic waves. Figure 2 presents an example of free phase fluctuation measurements (i.e. when the phase-locking control loop is inactive) for fundamental and harmonic wave (a) in the PPLN experiment (b) in the LBO experiment. We are able to verify directly that the second harmonic phase follows the theoretically expected twice the fundamental phase value. Therefore, indirect phase control can be used to perform coherent beam combining by active phase control.

Figure 3a presents the intensity measured in the center of the interference patterns by each photodetector, in the PPLN 1.55-µm SHG combining experiment. As long as the phase-control loop is open, the interference signal fluctuates freely between destructive and constructive states. When the feedback-loop is closed, the 775nm interference signal is locked on a constructive interference and the signal measured by the photodiode is kept near its maximum value. The time-averaged combining efficiency is excellent: the residual phase error is λ/30 rms for the second harmonic wave (assessed from direct phase measurements using I/Q detection). Same result has been achieved with the LBO combining experiment.

To explore further the residual phase fluctuations, we calculated the phase fluctuation spectral density (PSD) of the second harmonic wave. As expected, comparison of the PSD measurements when the phase control loop is open and closed (see figure 3b) indicates a significant damping of these phase fluctuations when phase-locking is active. When the control loop is open, the main phase fluctuations are low frequency (i.e. below the kilohertz range). Above a few kHz, the PSD curves overlap, which is consistent with the 4-kHz cut-off frequency of the feedback loop we measured through impulse response experiments. The response time of the active control loop was assessed adding a sudden stair-step phase shift command on the EOM, and measuring the recovery time needed for the harmonic waves interference signal to return to the constructive state of interference.

In the PPLN experiment, when the control loop operates on the interference signal between the second harmonic beams, the fundamental beams interference locks on an arbitrary state, nor systematically constructive nor destructive. Manually adding proper optical path offset allows driving the interference signal to the constructive state, as presented in figure 3a. However, phase locking is slightly less efficient for the fundamental waves than for the harmonic waves: the residual phase error on the fundamental beams was measured to be λ/20 rms which still corresponds to a good combining efficiency. It shows that efficient coherent combining is achievable on both fundamental and harmonic waves simultaneously in this very favourable case. This efficiency difference is due to the contribution of experimental sources of phase fluctuations like optical path disturbances or electronic noise on the fundamental waves residual phase difference.

In the LBO experiments, we observed some strong and fast varying additional phase fluctuations, leading to the impossibility to achieve simultaneous fundamental and harmonic phase locking. To better understand the origins of those additional phase fluctuations, we needed to study absolute phase values.

The phase spectral densities of the fundamental and the second harmonic waves when the control loop is closed are presented in figure 4a and figure 4b for the PPLN and LBO experiments.

Due to the additional sources of phase fluctuations on the fundamental waves, the integral of the PSD with respect to the frequency is higher for the fundamental waves. It corresponds to stronger fundamental phase fluctuations when the phase control loop operates on the second harmonic interference signal. Figure 4b presents the PSD measurements from the LBO experiment. Similar conclusions can be made: phase control operating on the second harmonic wave's interference signal results in efficient combining with strong damping of the harmonic residual phase difference fluctuations. Low frequency (< 50 Hz) phase difference fluctuations remain on the fundamental waves, most probably related to slow optical path length variations induced by temperature changes or atmospheric turbulence perturbations of the laser beams.

The peak at 96 Hz on the PSD graph of the LBO experiment Fig 4b corresponds to a strong sinusoidal modulation of the phase difference between the fundamental. As this parasitic phase difference modulation is far below the 4-kHz cut-off frequency limit of the feedback loop, it was easily compensated for in the combining process at 2ω. However, it prevented simultaneous combining of the fundamental waves, as the interference signal at ω was still modulated at 96 Hz. The source of this modulation has been thoroughly investigated but remains unknown.

In this paper, two experimental demonstrations of coherent combining of second harmonic converters by active phase control using all-fiber components are presented and investigated.

Direct measurements of the residual phase difference between the fundamental beams and between the harmonic beams experimentally confirm the fixed relation existing between the fundamental and the second harmonic phases.

The feasibility of nonlinear frequency converter combining through indirect control of the converted-beams phases is experimentally proven.

Efficient combining of pairs of second harmonic generators is achieved for two different fundamental wavelengths: 1.55 µm and 1.06 µm. The residual phase error is lower than λ/30 rms in both these SHG CBC experiments.

These experimental tests reveal that simultaneous combining of both fundamental waves and second harmonic waves can be achieved when thermal and turbulence effects do not induce significant optical path length fluctuations on the fundamental beams. However, in this case, as the phase control process operates on the interference signal between the harmonic waves, the fundamental waves are combined with a lower efficiency.

Obviously, the phase relation also exists for three wave nonlinear processes like parametric amplification. Thus, these techniques of indirect phase control can be expanded to other nonlinear devices, such as difference frequency generators, optical parametric amplifiers or optical parametric oscillators. Future work will be dedicated to coherent mid-infrared beam combining by use of DFG and OPO converters pumped by 1-µm fiber lasers.

Fig. 1 .

 1 Fig. 1. Schematic of the experimental set-up for demonstrating CBC of two SHG PPLN modules by phase-control of the fundamental wave. A similar setup is used for the SHG in LBO crystals.

Fig. 2 .

 2 Fig. 2. Phase measurements when the control loop is open: (a) for PPLN experiment, (b) for LBO experiment.

Fig. 3 .

 3 Fig. 3. Results for the PPLN experiment: (a) Time evolution of the interference signals of the fundamental (black) and the harmonic beams (red) when the phase-control feedback loop is off (loop is open) and on (loop closed). (b) Phase spectral density of the second harmonic wave when the phase control loop is open or closed

Fig. 4 .

 4 Fig. 4. Phase spectral density of the harmonic and fundamental waves when the phase control loop operates on the interference signal between the harmonic beams: (a) for the PPLN experiment (b) for the LBO experiment.
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  Figure 4a reveals that most of the residual phase fluctuations of the fundamental waves are at very low frequency (≤ 5 Hz), which is typical of the slow variations induced by thermal effects. Peaks at 50 Hz and 100 Hz are visible on the PSD curve corresponding to residual electrical noise.Figure4bpresents the PSD measurements from the LBO experiment. Similar conclusions can be made: phase control operating on the second harmonic wave's interference signal results in efficient combining with strong damping of the harmonic residual phase difference fluctuations. Low frequency (< 50 Hz) phase difference fluctuations remain on the fundamental waves, most probably related to slow optical path length variations induced by temperature changes or atmospheric turbulence perturbations of the laser beams.The peak at 96 Hz on the PSD graph of the LBO experiment Fig 4bcorrespondsto a strong sinusoidal modulation of the phase difference between the fundamental. As this parasitic phase difference modulation is far below the 4-kHz cut-off frequency limit of the feedback loop, it was easily compensated for in the combining process at 2ω. However, it prevented simultaneous combining of the fundamental waves, as the interference signal at ω was still modulated at 96 Hz. The source of this modulation has been thoroughly investigated but remains unknown.
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