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ABSTRACT

Coherent beam combining (CBC) by active phase control could be useful for power scaling fiber-laser-pumped
optical frequency converters like optical parametric oscillators (OPOs).

We developed an indirect phase control approach based on the phase matching relation intrinsic to efficient
nonlinear processes. Previously, we demonstrated coherent combining of difference frequency generation through
real time active control of the phases of the pump waves, using high bandwidth fibered electro-optic phase
modulators. The straightforward follow-up is the application of such process to OPOs, higher efficiency frequency
converters when compared to DFGs.

In this paper, we present an experimental demonstration of coherent OPOs emitting tunable idler wave in
the mid-infrared. We present the architectures of continuous wave OPOs we are working on, their pros and cons
and threshold properties, and the first results of coherent combining. We detail how the cavity modes of the
OPOs are overlapped and how the active phase control used for DFG combining can be implemented in this
case.
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1. INTRODUCTION

One way to overcome power limitations in fiber lasers induced by nonlinear effects such as stimulated Brillouin
or Raman scattering, is to use coherent beam combining (CBC) techniques involving active phase control of the
laser emitters. These have demonstrated their potential to power scale continuous-wave! and pulsed? fiber lasers
through coherent addition of the power emitted by multiple separate amplifiers, reaching overall emitted power
exceeding the kilowatt level.!

The common wavelengths for high power fiber lasers are usually amongst 1 um, 1.5 um or 2 pm. Higher
ones can be obtained through nonlinear processes using nonlinear crystals in order to convert these laser lines.
It is possible to obtain midinfrared waves presenting significant interest for gas monitoring, for instance around
4 pm. However the damage threshold of the nonlinear medium is a limiting factor for the power scaling of those
frequency converters. With coherent combining techniques, it can be possible to overcome this limitation and to
achieve higher output converted power. However, these methods require an active phase control, hence fast phase
modulators at the midinfrared wavelength emitted by the converter. Such components are not exactly ”off-the-
shelf” and are not as practical nor as fast as the all-fiber modulators available at standard laser wavelengths.

To solve this issue, it is possible to use the inherent phase-matching relation that lies in the nonlinear process,
by an indirect control of the converted wave phase through control of the pump wave phase. When the pump
comes from a fiber amplifier at the wavelength previously discussed, one can use off-the-shelf fibered phase
modulators to obtain a frequency-converter coherent combining configuration. Our team successfully applied
this approach to perform efficient coherent combination of second harmonic generators and difference frequency
generators.>?
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In this paper, we present the challenges of extending this indirect phase control technique to midinfrared OPO
coherent combining. An experimental demonstration of OPO CBC is also detailed. Results will be presented
during the conference.

2. PRINCIPLE AND EXPERIMENTAL SETUP FOR CBC OF PARAMETRIC
AMPLIFIERS

2.1 Coupled-Amplitude equation

The demonstration of coherent beam combining of non-degenerate three waves mixing nonlinear processes
was first made on difference frequency generators. The theoretical base is the same as for OPO CBC and it was
a first step toward it, as both processes involve parametric converters.

As explained in the introduction, achieving CBC of frequency converters in the midinfrared requires phase
control of one of the converted waves thanks to the phase-matching condition.

If we assume that the beams are linearly polarized, and use scalar expressions and equations, the electric
field corresponding to each nonlinearly coupled wave can be written as:

~

Ep(z,t) = Ap(2)efFmze=iomt 4 c e, (1)

with m = p, s or ¢ corresponding respectively to the pump, signal and idler wave. A,, is the complex amplitude
of the w,, pulsation wave.

In the first millimeters of the nonlinear crystal, the parametric amplification is weak enough for us to assume
that the pump wave is not depleted, which can then be extended through the crystal as the signal and idler
waves generated during the firsts millimeters seed the rest of the crystal, leading to the description of the
coupled-amplitude equation for frequency generation:%
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where Ak =k, — ks — k;. The propagation of the idler wave can expressed as the following:

dz = "5:/‘%|Ap|2Ai(Z)a (4)
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with Kk, = %C;” Maximum power conversion is achieved for perfect phase-matching condition, i.e.Ak = 0.
This system of equations can be solved, in the case of an unseeded idler wave A;(0) = 0, assuming k = /K%k;|A4,|?

into:

As(z) = As(0) cosh(kz) (5)
Ai(z) = *””i;43 A%(0) sinh(kz), (6)

2.2 Phase relation

From these solutions, we see that the signal field keeps its initial phase-offset as it is only amplified by the
process, whereas the idler wave phase-offset depends on both the pump wave’s and the signal wave’s:

v
Yi=pp—pst g (7)

For quasi-phase matching (our case), where the nonlinear crystal is periodically poled, high conversion efficiency
can be achieved. By propagating the wave in the crystal step by step in each domain, we can find the phase
relation between the three waves to be:

©i = Pp — Ps- (8)



Thanks to this phase relation, it is possible to ensure coherent combining of the idler waves by sole control
of the pump phase. If we consider two nonlinear processes in two different crystals, one called the reference, we
have two phase relation as cp:ef = pref — el and @ = @7 — 7, having the two equal idler phases gazef =l

can also be expressed as:
on = orf — o 4 o7 (9)
If the pump phase ¢} can be controlled to verify equation (9) at any time, the two idler phases will then be the

same, hence the feasibility of CBC of frequency converters by indirect phase control. It is then possible to use
fast and compact all-fiber electro-optics phase modulators (EOM).

2.3 Experimental setup

The experimental setup has been discussed in our previous paper.” In order to demonstrate the experimental
feasibility of such an indirect phase control, we have combined two DFG modules pumped by one 1.064 pm
Yh:fiber amplified lasers separated in two channels delivering up to 15 W each.

To obtain the DFG nonlinear process and to ensure the phase and wavelength stability of the signal, we
used a 1553-nm laser diode amplified by a commercial erbium-doped fiber amplifier to seed both channels. This
allows the idler wavelengths from the two channels to be equal, which is paramount for coherent combining. The
experimental setup is presented in figure 1.
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Figure 1. Schematics of the experimental setup for demonstrating CBC of two 3.4 — pum difference frequency generators
by phase-control of the 1.064 um pump wave.”

The DFG nonlinear crystals are PPLN crystal from Covesion and their length is L = 20 mm. With a 1064-nm
pump wavelength and a seeded signal at 1553 nm, quasi-phase matching in the PPLN crystal is obtained with a
poling period of 30.49 um and at an operating temperature of 58°C' for both crystals, generating an idler wave
at 3.4 um. The pump beams are focused down to 100 um waist in the PPLN crystals to maximize the conversion
efficiency.

The phase error signal generation is obtained by using a commercial lock-in amplifier, thanks to a frequency
tagging operating at 56 kHz. The EOM command the pump wave phase shift by a proportional integral (PI)
controller allowing the phase error signal to be driven to 0.



3. EXPERIMENTAL RESULTS AND LIMITS OF CBC OF DFG

Coherent combining of these DFG modules is achieved using the idler waves interference signal to close the
feedback loop (see figure 2). Time-averaged combining efficiency is excellent: the residual phase error is A/28
rms for the idler wave. This experiment is the proof that CBC of continuous wave DFG using indirect phase
control is feasible.
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Figure 3. Measurement of the phase difference between
the pump and signal waves when the phase control loop
on the idler waves is closed.”

Figure 2. Interference signal of the DFG idler waves, fluc-
tuating between destructive and constructive interference
when CBC is inactive and stabilizing on a constructive
interference state when phase-locking is active.”

However, due to the low conversion efficiency of the DFG process (given in equation (10)%), we could only
use highly sensitive but slow midinfrared detector. This prevented the use of fast electronic in the demodulation
setup and resulted in lower signal-to-noise ratio and higher residual phase error, as can be seen on figure 3. This
low conversion efficiency also represents a limit in the practical use of CBC of DFG for potential devices as very
low power of only a few mW is obtained.
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Breaking records in terms of power was not the goal of the DFG CBC experiment previously presented. To
obtain more power in the midinfrared, one can use longer crystals but will eventually be limited by the conversion
efficiency or the damage threshold of the crystals. Another way is to use OPOs as they offer significantly higher
conversion efficiency than a DFG module.

4. TOWARD COHERENT COMBINING OF OPO
4.1 Interest of CBC of OPO

Optical parametric oscillators are a solution to overcome the issue of conversion efficiency as they take
advantage of a cavity to increase the output idler power. They can reach tens of percents conversion efficiency
for the idler wave, leading the way to potential device development with watts of power in the midinfrared.

Of the different existing configurations for an OPO, we chose to focus first on the singly resonant one, where
only the signal wave resonates in the cavity. Continuous wave (CW) singly resonant OPOs (SROPO) can be
useful for gas, molecular or ions spectroscopy.? This choice was motivated by the fact that a SROPO offers both
a high idler output power in the range of a few watts and a single cavity quite simple to stabilize and to control.

However this implies a higher oscillation threshold than for doubly resonant OPOs (DROPO), which is usually
of only a few hundreds of milliwatts. Here we aimed for a configuration where the current experimental setup
described in figure 1 can be easily modified to obtain the setup of figure 5, i.e. with a pump power threshold
around 10W.



4.2 Cavity design and threshold
The pump power threshold for the SROPO can be expressed as the following:!'©

Eongc)\f’,
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where deys is the nonlinear coefficient of the crystal, L its length, h,,(B,§) the Boyd-Kleinman reduction
factor with &€ = LA/2mnw3, R the reflectivity of the cavity mirrors at the signal wavelength, as the absorption
of the crytal and 6 = 2X,/As — 1.

Thanks to equation 11 it possible to evaluate the 1/e? beam radius that correspond to our experimental
conditions. In order to obtain figure 4, we considered a ring-cavity OPO made of a 20 mm long PPLN crystal,
with 2 plane dielectrics mirrors and 2 curved dielectrics mirrors with a 100 mm curvature radius. The nonlinear
coefficient for PPNL crystal is deys = 14 pm/V, the reflectivity of the cavity mirrors is R, = 98.8%.
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Figure 4. Evolution of the pump power threshold with the 1/e2 beam radius.

4.3 Experimental setup

As explained previously, we aimed to use the same experimental setup as for CBC of DFG. A few changes
appear as there is no signal seeding here, since the signal waves are amplified freely in the OPO cavities. Another
change to mention is the use of a faster midinfrared detector as we have more idler power available, and thus
the use of faster electronics for the demodulation and feedback-loop setup. This should result in a lower residual
phase error and excellent combining efficiency. Where frequency tagging was limited to 56 kH z in the previous
experiment due to the detectors, we can now take advantage of faster detectors enabling M H z frequency tagging.

ey 4
w Rt N W
--B e el

Singly

Yb fiber resonant Dichroic
.64 nm amplifiers OPO mirrors

AnzmA

¢x~§~
R e e S

\

4 um
detector
Demodulation

Figure 5. Schematics of the basic architecture required to combine two OPOs.
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The challenge of this setup lies within the balancing between two feedback loops. The first one is the one
ensuring the indirect phase matching between the two idler waves, as done previously for DFG CBC. Since there
is no seeding signal wave, the converted wavelengths are not always rigorously equal. This required stability
for CBC can be achieved by tuning the length of the cavity with piezoelectric transducers (PZTs). Like for
the first feedback loop, one of the two OPO idler wavelengths can fluctuate freely as the second one follows its
changes thanks to the PZTs cavity length control. This represents a challenge as the two loops have to operate
simultaneously without interfering with one another.

5. CONCLUSION AND FUTURE WORK

In this paper, the challenges of applying coherent combining by active phase control to much more powerful
frequency converters, optical parametric oscillators (OPO), is presented. Optimizing the OPO threshold and
coupling two different feedbacks are the main challenges in designing an optimal experiment. We also described
the experimental demonstration of OPO CBC we are now testing. The first results of this experiment will be
presented during the conference.
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