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Coherent combining of mid-infrared difference frequency generators

We report what is, to the best of our knowledge, the first experimental demonstration of coherent combining of two mid-infrared difference frequency generators by active phase control in continuous-wave regime. Using the phase relation that is inherent to the nonlinear process, we are able to phase-lock and combine the idler waves by the sole phase control of one of the pump waves. This control is done by an all fiber electro-optic modulator. Combining is achieved with an excellent efficiency with a residual phase error of 𝝀/𝟐𝟖.

Coherent beam combining (CBC) through active phase control is a well-known solution to overcome limitations to laser power scaling such as thermal effects or damage threshold for solid-state lasers, or nonlinear effects for fiber lasers [1].

Nonlinear frequency converters such as parametric generators used in gas sensing [2][3][4] could benefit from CBC power scaling, as it would improve the detection range or the sensitivity of the instrument. CBC has been used in conjunction with frequency converters, but only to increase the power of the pump beam, for instance in the case of second harmonic generation (SHG) [5,6]. The same idea has been used for optical parametric amplification (OPA) with incoherent combination [7]. However, the inherent limit due to the use of a single nonlinear crystal with limited damage threshold [8] remains. To overcome this limitation, we proposed an indirect phase control approach to combine multiple frequency converters [9], increasing the delivered power without exceeding the damage threshold limit, as the conversion is distributed among multiple nonlinear crystals. Another interest of this indirect phase control technique is the capability to use fast standard all-fiber 1-µm or 1.5-µm wavelength electro-optic phase modulator (EOM) rather than having to resort to phase modulators operating at much higher wavelengths, which are often less performing or even not commercially available.

Using this approach, we previously reported the experimental demonstration of CBC by active phase control of continuous wave SHG, achieving the combination of two 532-nm waves from a 1064-nm fundamental wave in the case of perfect phase matching in birefringent lithium triborate (LBO) crystals [10]. The CBC of CW SHG from a 1.55 µm wave has also been demonstrated experimentally in the case of quasi-phase matching using periodically poled lithium niobate (PPLN). In both these experiments, phase control operated on the fundamental wave using a standard all-fiber EOM with high bandwidth, and CBC was very efficient with a low residual phase error of 𝜆/30 [11].

In this paper, we extend the demonstration to higher wavelength in the mid-infrared range, investigating the combination of difference frequency generators (DFG) emitting at 3.4-µm. While SHG is a two-wave degenerate process, we are dealing here with a more complex process involving three non-degenerate waves.

We experimentally demonstrate that CBC with active phase control can nevertheless be implemented using a similar indirect phase control approach as in the case of SHG i.e. with the pump wave phase controlled using standard all-fiber EOM at 1.064 µm. We observe efficient coherent combining of the idler waves at 3.4µm. These results are a first step toward experimental proof of CBC of mid-infrared optical parametric oscillators (OPO) which has already been suggested theoretically [12], to achieve tunable high power mid-infrared sources.

We use the following notations to express the electric field for the pump wave (p), the idler wave (i) and the signal wave (s) with respective angular frequencies  p ,  i and  s . To simplify this proof of concept, we limit our analysis to continuous wave monochromatic plane waves and we assume the beams to be linearly polarized, collinear, and that we are dealing with a single three-wave-mixing process. We then use scalar fields in the equations. The electric field corresponding to each nonlinearly coupled wave can be written as: 𝑬 ̃𝒎 (𝒛, 𝒕) = 𝑨 𝒎 (𝒛)𝒆 𝒋𝒌 𝒎 𝒛 𝒆 -𝐣𝝎 𝒎 𝒕 + 𝒄. 𝒄 (1) with 𝑚 = 𝑠, 𝑖 or 𝑝 and 𝐴 𝑚 is the complex amplitude of the angular frequency 𝜔 𝑚 .

If we assume that the pump wave is not depleted when passing through the crystal, which is true on the first millimeters of the nonlinear crystal where parametric amplification is still weak, the coupled-amplitude equations describing difference frequency generation are [13] 

where ∆𝑘 = 𝑘 p -𝑘 s -𝑘 i

In the case of perfect phase matching (i.e. ∆𝑘 = 0), we differentiate the second equation of (2) with respect to z and introduce the complex conjugate of the first equation in (2) to eliminate the

𝑑𝐴 𝑠 * 𝑑𝑧 term.
We obtain the following equation:

𝒅 𝟐 𝑨 𝐢 (𝒛) 𝒅𝒛 𝟐 = 𝜿 𝐬 * 𝜿 𝒊 |𝑨 𝐩 | 𝟐 𝑨 𝐢 (𝒛) (3) 
with:

𝜿 𝒎 = 𝟖𝝅𝒋𝝎 𝒎 𝟐 𝒅 𝒆𝒇𝒇 𝒌 𝒎 𝒄 𝟐 (4)
The idler wave being not seeded, we can consider that 𝐴 𝑖 (0) = 0. The initial value for the signal wave amplitude is noted 𝐴 𝑠 (0). Writing down the complex field amplitudes using their phase and modulus parts 𝐴 𝑚 (𝑧) = 𝑎 𝑚 (𝑧) 𝑒 𝑗𝜑 𝑚 (𝑧) , one can verify that the signal field 𝐴 𝑠 (𝑧) retains its initial phase and is simply amplified by the interaction, while the generated idler wave 𝐴 𝑖 (𝑧) has a phase that depends both on that of the pump wave and on that of the signal wave. Noticing from equation ( 4) that 𝜅 i = |𝜅 i |𝑒 𝑗𝜋/2 , we obtain the following relation:

𝝋 𝐢 = 𝝋 𝐩 -𝝋 𝐬 + 𝝅 𝟐 (6)
Similarly, in the QPM case, high conversion efficiency can be achieved in a perfect periodically poled crystal. The relation between phases of the pump, signal and idler waves can be obtained propagating the waves in the crystal domain by domain and step by step in a same way done for SHG [10,14]:

𝝋 𝐢 = 𝝋 𝐩 -𝝋 𝐬 (7)
For higher power levels, depletion of the pump wave can become significant and the propagation equations are solved using Jacobi elliptic functions [15]. However, even in this case of strong depletion, equation ( 5) can be solved step-by-step or domain by domain for QPM, considering there's no pump depletion over one thin slice of the crystal. The initial phase of the signal is thus preserved and seeded step-by-step during propagation, even in long crystals. Consequently, the phase relation "propagates" stepby-step. Periodical poling in QPM crystals compensates for the π phase-offset generated between the three coupled waves after propagation through one domain. Thus, the phase relation should remain valid even in the strong depletion regime.

Note that this approximation can be done as long as the gain in one domain or in one thin slice of the medium is weak. This will be the case in continuous wave or nanosecond regimes, but may not be true in picosecond or femtosecond regimes. There is another condition for CBC operation: the combined idler waves must share the same wavelength. To fulfill this condition, it is required to seed the same 1553 nm signal into both nonlinear crystals. The error signal used here for frequency tagging comes from the idler interference signal following the equation [16]:

𝑺 𝒆𝒓𝒓 = 𝑹 𝑷𝑫 √𝑷 𝒊𝟏 √𝑷 𝒊𝟐 𝐬𝐢𝐧(𝝋 𝒊𝟏 -𝝋 𝒊𝟐 ) 𝑱 𝟏 (𝜷 𝒊𝟐 ) (8)
where 𝑅 𝑃𝐷 is the photodetectors responsivity, 𝑃 𝑖 the power of each idler wave, 𝐽 represents a Bessel function of the first kind and 𝛽 𝑖2 is the phase modulation amplitude. Idler phases are linked to the pump and signal ones by relations previously exposed.

An experimental set-up was built to demonstrate such indirect phase control and to validate the theoretical principle presented before. The setup is based on two PPLN crystals pumped by 1.064-μm Yb:fiber sources. The signal seed is provided by 1553 nm Er:fiber sources. Given the wavelength of pump waves, standard high bandwidth all-fiber electro-optic phase modulators operating at the pump wavelength can be used.

A schematic of the experimental set-up for DFG combining is presented in Figure 1. Fig. 1. Schematic of the experimental set-up for demonstrating coherent combining of two 3.4-µm idler beams generated through DFG in PPLN crystals. Coherent combining is achieved by active phasecontrol of one of the pump waves. [17] Two 1.06 µm Yb:fiber amplifiers are seeded by a master oscillator (MO), a laser module (Orion laser module from RIO) at 1.06 µm. These two amplifiers are homemade ytterbium-doped fiber amplifiers (the same we used in our previous work [11]), each of them capable of delivering up to 15 W power.

A standard fiber-coupled electro-optic modulator (Photline) controls the phase of one of the 1.06 μm fiber amplifiers. This EOM provides both the phase modulation for frequency-tagging and the proper phase shifts to compensate for the phase fluctuations.

To generate the signal seed at 1553 nm, a laser diode is used as a master oscillator. Amplification of this oscillator is achieved using a commercial erbium-doped fiber amplifier (Keopsys, 10 W) split in two to seed both DFG channels with a common signal wavelength.

Signal and pump beams are collimated to the same diameter and overlapped. Half-wave plates are used to align the linear polarizations of the 4 beams along the z-axis of each PPLN crystal.

These PPLN DFG crystals were provided by Covesion and their length are L = 20 mm. With a 1064-nm pump wavelength and a seed signal at 1553-nm, the quasi-phase matching in the PPLN crystal is obtained with a poling period of 30.49 µm at an operating temperature of 60 °C for both crystals, generating an idler wave at 3.4 µm. The pump beams are focused down to a 100 µm 1/𝑒 2 radius waist in the PPLN crystals.

At the output of each nonlinear crystal, a dichroic mirror separates the residual signal and pump beams from the 3.4-µm idler beam. The two idler beams are then overlapped using a 50/50 pellicle beam splitter. A coated germanium window filters off the residual signal and pump photons, so that the infrared detector used for phase control only receives the 3.4 µm beams interference pattern. This photodetector is an InSb cooled detector. The far-field interference signal at 3.4 µm provides the feedback needed to close the phase-locking loop.

Frequency tagging operates at 56 kHz, and phase error signal generation is performed using a commercial lock-in amplifier. This error signal is driven to 0 by a proportional integral (PI) controller, used to send the proper command in terms of phase shift on the EOM.

The goal of these preliminary experiments is to demonstrate the feasibility of indirect phase control, not to establish records in terms of DFG efficiency, the DFG efficiency is indeed low, with only a few milliwatts at 3.4 µm, as the lasers are continuous-wave operating. DFG efficiency maximization would have required some enhancement: higher pump power or longer crystals [18].

Before performing indirect phase control, we first verified the phase relation between the pump, signal and idler waves. To measure phase differences, pump, signal and idler beams are overlapped to create interferences pattern. An In-phase and Quadrature (I/Q) detection is implemented, placing photodetectors at different places of the interferences pattern for the signals to be shifted in phase quadrature. 2 presents an example of free phase fluctuation measurements (i.e. when the phase-locking control loop is inactive) for each wave. We measured the phase difference between each wave at the output of the two nonlinear crystals ∆𝜑 = 𝜑 2 -𝜑 1 for the pump, signal and idler. The difference ∆𝜑 𝑝 -∆𝜑 𝑠 -∆𝜑 𝑖 is also plotted. According to equation (7), this difference should be equal to zero, but here it is not the case due to optical path differences between the two channels. This constitutes the experimental proof of the theoretically expected relation between the phase of pump, signal and idler waves.

As DFG is a three-wave nonlinear process, one could expect the need to actively control simultaneously the phases of two of the coupled waves to achieve efficient CBC. In practice, it is not the case as active phase control of the sole pump wave is sufficient to efficiently combine the idler waves. The reason for that is explained thereafter.

In terms of phase offsets of the different waves, using the indices 1 and 2 for each optical channel, the phase relation for each channel can be written 𝜑 𝑖1 = 𝜑 𝑝1 -𝜑 𝑠1 + 𝑐 1 and 𝜑 𝑖2 = 𝜑 𝑝2 -𝜑 𝑠2 + 𝑐 2 respectively. The constants 𝑐 1 and 𝑐 2 are introduced as a general expression of the constant phase offset between the 3 waves, due to potential optical path difference that can appear as both optical channels are not perfectly equidistant in the experimental configuration.

In order to obtain constructive interference between the two idler beams, their phase offsets must be equal: 𝜑 𝑖1 = 𝜑 𝑖2 . This condition corresponds to: 𝜑 𝑝1 -𝜑 𝑠1 + 𝑐 1 = 𝜑 𝑝2 -𝜑 𝑠2 + 𝑐 2 . This relation can be achieved by controlling the phase of the pump beam on the second channel and only this phase, in order to maintain in real time:

𝝋 𝒑𝟐 = 𝝋 𝒑𝟏 -𝝋 𝒔𝟏 + 𝝋 𝒔𝟐 -∆𝒄 (9) 
Proper value of the second channel pump beam will be found automatically by the feedback loop controlling it, in order to compensate for the slow thermal fluctuations of phase of both signal channels and of the first channel pump As a consequence, in order to coherently combine the idler waves, there is no need to control both pump and signal phases. Idler CBC can be achieved through controlling the phase of the sole pump wavelength on the second channel, as long as the signal waves on both channels are seeded by the same wavelength from a single-frequency laser source.

As the fixed phase relation has been demonstrated both theoretically and in practice, indirect active phase control can be used to perform coherent beam combining. Figure 3 presents the intensity measured in the center of the idler interference pattern by an InSb cooled detector, when the control loop is open and then closed. As long as the phase-control loop is open, the idler interference signal fluctuates freely between destructive and constructive states. When the feedback-loop is closed, the idler 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/28 rms for the idler wave. This experiment is the proof that CBC of CW DFG using indirect phase control is possible.

Since we are able to phase-lock the idler wave interferences in a constructive state, one can wonder how the phase difference of the pump and signal wave evolve. Figure 4 presents an example of phase fluctuations of the pump and the signal waves when the phase control loop is active. Due to the low level of efficiency of the DFG process and the very low power of the idler beams, we could not use fast mid-infrared detectors as they did not have the required sensitivity. We had to use slower InSb cooled detection with a higher sensitivity, and a slower lock-in amplifier that induced a strong electronic noise. As we did not have more than 2 InSb detectors, we also used one of them for simultaneous I/Q detection for phase measurement and phase-locking detection. This explains the lower quality of the phase measurement, as the I/Q detection accuracy suffered a lot from the electronic noise induced by sharing one detector with the phase-locking feedback loop.

Consequently, the phase measurement of the idler wave was irrelevant and hence not plotted in figure 4. This electronic noise also slowed down the voltage shift used to bring back the EOM voltage to the center of its operating range when it reaches its boundaries. One consequence is a much slower shift visible on figure 4 on the blue and black graphs: the spikes visible on these curves correspond to the longer than normal voltage shifts.

In figure 4, the signal phase difference is varying freely. The pump phase is controlled to compensate those fluctuations according to equation ( 9). Thus, it will be impossible, by indirect control of one single wave, to phase-lock simultaneously the idler and the signal waves. We demonstrated previously, in the case of SHG CBC [11], that simultaneous phase-locking of both the fundamental and second harmonic waves was feasible, but it will be impossible in the non-degenerate case of DFG CBC. The difference ∆𝜙 𝑝 -∆𝜙 𝑠 is also plotted. We know from Figure 3 that ∆𝜙 𝑖 = 0 since we were able to lock the interferences in a constructive state. Therefore, the black line in Figure 4 should be equal to -∆𝑐 = 𝑐 1 -𝑐 2 which is related to the real optical path differences of the experimental configuration. The black curve is slowly varying around a constant average value, following the thermal fluctuations of the optical path differences.

In this paper, the first experimental demonstration of coherent combining of difference frequency generators by active phase control using all-fiber components is presented and investigated.

Direct measurements of the residual phase difference between the pump beams and between the idler beams experimentally confirm the well-known fixed relation existing between the pump, signal and idler phases.

Efficient combining of a pair of difference frequency generators is achieved with a residual phase error lower than λ/28 rms in this DFG CBC experiment. In a three wave non-degenerated process, we were able to phase lock the idler beams using only one control loop.

This important result opens the way to expand this technique of indirect phase control to other nonlinear devices with higher parametric gain and efficiency, such as CW OPOs.
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 2 Fig. 2. Phase measurements when the control loop is open.
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  Figure 2 presents an example of free phase fluctuation measurements (i.e. when the phase-locking control loop is inactive) for each wave. We measured the phase difference between each wave at the output of the two nonlinear crystals ∆𝜑 = 𝜑 2 -𝜑 1 for the pump, signal and idler. The difference ∆𝜑 𝑝 -∆𝜑 𝑠 -∆𝜑 𝑖 is also plotted. According to equation(7), this difference should be equal to zero, but here it is not the case due to optical path differences between the two channels. This constitutes
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 3 Fig. 3. Time evolution of the interference signals of the idler beams when the phase control loop is open and then closed.
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 4 Fig. 4. Phase measurements when the control loop is closed.
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