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ABSTRACT

Coherent beam combining (CBC) by active phase obigran efficient technique to power scale fibasdr sources
emitting in the near-infrared, between 1 and 2 ymto the multi-kilowatt level. Interestingly, iak been demonstrated
by our team that CBC could also be used to powatesmid-infrared sources, frequency convertersegeing a
wavelength between 3 and 5 um. We present ourt lagssilts on coherent combining of continuous-wéngh-
efficiency mid-infrared sources: optical parametszillators (OPOs) and detail the difficulties enstered to achieve
this combining, as well as the main limitationsfficient operation of CBC in this case.

In a second part of this talk, we also presentmenesults on coherent combining of seven 1.5-(barflasers through
active phase control, using frequency-tagging, @merating efficiently on a remote target. A testhed been designed
to combine these 7 lasers on a remote surface,phittise-locking operating through analysis of thiécapsignal back-
scattered by the target, in a so-called targehéalvop (TIL) experiment. In such TIL configuratiodBC mitigates both
laser-amplification-induced and atmospheric turbakeinduced phase fluctuations simultaneously. @B@onstrated
proper operation outdoors, on a target locatecbupkm from the laser and the results from thiseeixpental campaign
will be described.

Keywords. Fiber laser, Coherent Beam Combining, nonlineaicsp Optical Parametric Oscillator, phase control,
turbulence mitigation

1. INTRODUCTION

Coherent beam combining (CBC) techniques invohdntijve phase control of the laser emitters haveathsinated their
potential to power scale continuous-wave [1] antsgui[2] fiber lasers through coherent additiorihaf power emitted
by multiple separate amplifiers. Using all-fibemgmonents, very compact configurations of cohereotiybined fiber
amplifiers can be designed, with demonstrated divenstted power exceeding the kilowatt level [1].

However, high power fiber lasers are only availakiiin a finite set of wavelengths, mainly amongjgtm, 1.5 um and
2 um. Hopefully, nonlinear crystals offer the capgbto convert these laser lines to access highavelengths in the
midinfrared bands, for instance around 4 um. Butwvéh lasers, power scaling of frequency converieréimited,
essentially by the damage threshold of the nonfineedium. Coherent combining techniques could lefuliso power
scale frequency converters beyond this damagehibicedimit. Unfortunately, combination technique aifficult to
implement in this case, as active phase contralireg| fast phase modulators at the midinfrared lesegth emitted by
the converter. Such components are not exactlytheffshelf' and are not as practical nor as fasthasall-fiber
modulators available at more standard wavelengths.

Taking advantage of the phase-matching relatiomshed in any frequency converting process, one iodirectly
control the converted wave phase through contréhefpump wave phase. When this pump wave is delivby fiber
amplifiers, such a frequency-converter coherenthinimg configuration can be achieved using standdfdhe-shelf
all-fiber phase modulators.
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Our team successfully applied this approach tooperfefficient coherent combination of second harim@enerators
and difference frequency generators [3], [4], [B]a first part of this paper, we present the @rakes of extending this
indirect phase control technique to midinfrared O&Derent combining, as well as the main limitagida efficient
operation of CBC in this case. An experimental tdsDPO CBC is also detailed.

CBC has been demonstrated for a large number efdd6], [7], but many realizations use the faett tthe laser beams
are spatially separated at the output of the lakefere overlapping after propagation and becomimgjstinguishable.
While the laser beams are still spatially distinics, feasible to measure the phase of each lastacontrol this phase
in real time to achieve phase-locking. However, $ome applications, such process cannot be appbeghase
measurement has to be done once the laser beamalheady begun to overlap and to interfere.

That's the case of target-in-the-loop CBC where waats to phase-lock the lasers on a remote tamggetimizing the
power density deposited at long range. In this cpease measurement at the output of the laserseigss, as beam
propagation induces additional phase shifts thatnat accounted for in this measurement. It's reargsto find some
way of driving the laser phases, benefiting frora thformation available in the optical signal baittered by the
remote target.

One approach is to try and maximize the intensitthis backscattered signal, as maximum power tdsiposited on
the target corresponds to a maximum of this badtesea signal too. It's been done, for instanceyarly on, during
the first experiments of TIL-CBC on a glint tard8l, and, later on, up to 7 km using a stochastcaltel gradient
descent algorithm [9], a classical approach to méae optical intensity by step-by-step optical wiaeet correction.

In 2009, our team demonstrated a more practicapamiehising approach that can be performed usinguacy-tagging
for CBC phase control [10]. Frequency-tagging eaghical channel at a specific frequency to asshssphase
fluctuations to be compensated for is an efficteghnique for CBC, also known as LOCSET [11]. Feeqy-tagging
has the advantage of “engraving” specific inforimaton the signal emitted by each optical channelutiph low-depth
modulation. This tagging process enables to easitieve the phase information from each channihimvthe complex
interference signal generated once the laser bbares overlapped. Moreover, this phase informatéiriaval can also
be achieved using the backscattered signal froemte target. We also demonstrated that a simmkitian of the

configuration of detection used for direct CBC abtrinsform a standard CBC system into a fully apenal TIL-CBC

device [10].

The tests we performed in 2009 were in the laboyatdth artificially generated atmospheric turbuten In a second
part of this paper, we present the work done régéntbuild a testbed coherently combining sevesydm fiber lasers
through active phase control, using frequency-tagigiVe also present the first results obtained hnCBC operating
this testbed. These results are obtained propagdlie laser beams through the atmosphere, henocegthrreal
atmospheric turbulence aver a distance ranging dpkim.

2. COHERENT COMBINING OF OPTICAL PARAMETRIC OSCILLATORS
2.1 Principle and experimental setup for CBC of parametric amplifiers

Coherent beam combining of non-degenerate three waxing nonlinear processes was first demonstratedevices
that didn’t require a cavity to operate: differefi@uency generators.

But the theoretical bases are identical to thoseR® CBC, as both experiments combine parametnidifiens.

To achieve CBC of DFGs or OPOs, phase control efafrthe converted waves, the signal or the idiaves, has to be
performed. Indirect phase control benefits fromphase-matching condition.

The electric field corresponding to each nonlingadupled wave can be written as:
E,, (z,t) = A,,(z)efkm?e7iomt 4 ¢ ¢ (1)
with m = s,i or p and4,, the complex amplitude of the,, pulsation wave.
If we assume that the pump wave is not depletechvpiassing through the crystal, which is true onfitts¢ millimetres

of the nonlinear crystal where parametric amplifma is still weak, the coupled-amplitude equatiatescribing
difference frequency generation are:
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Propagation equation of the idler wave is:
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with ki c? . A similar equation can be written for the signalve.

Maximum power conversion is achieved for perfecggimatching condition, i.k = 0.
This system of equations can be solved, in the cbaa unseeded idler wa¥g(0) = 0, into:
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{ ’Cskil“lpl2 (4)
These solutions correspond to a signal field tlegips its initial phase-offset, and is simply anmdifby the interaction,
while the idler wave phase-offset depends on Hwhpump wave’s and the signal wave's.

Qi = (pp Ps 2 (5_a)

Similarly, in the QPM case, high conversion effiag can be achieved in a periodically poled crystée relation
between the phases of the pump, signal and idleesvean be obtained propagating the waves in etaty domain by
domain and step by step:

Pi=Pp— Ps (5-b)

Due to this phase relation, controlling the pumevphase gives complete control of the idler wavasp. For instance,
in the QPM case, @ phase shift induced on the pump wave will compensat an idler wave phase variation of

@0 - Ps0, Wheregs is the initial phase of the signal wave at theate of the nonlinear crystal.
Consequently, phase control of DFG and OPO comgeigeachievable, using all-fiber electro-optic gdanodulators to
control the pump wave.

We demonstrated experimentally the feasibility wélsindirect phase control combining two DFG moduyemped by
1.064-pum Yb:fiber lasers delivering up to 15 W powach (see Fig. 1).

To fix and maintain the signal wavelength and ph#ise necessary to seed the DFGs with a signad s 1553 nm
from a laser diode amplified by a commercial erbidoped fiber amplifier split in two. Using this 1%Bm seeder, we
are able to keep both DFG channels at a commoffixadisignal wavelength.

The DFG nonlinear crystals are PPLN crystal fronvé&3ion and their length is L = 20 mm. With a 1064-pump

wavelength and a seeded signal at 1553 nm, quasepmatching in the PPLN crystal generates an idbare at

3.4 um. The pump beams are focused down to 100 gist im the PPLN crystals.

Coherent combining of these DFG modules is achiaxgiag the idler waves interference signal to cliteefeedback
loop (see Fig. 2).

Time-averaged combining efficiency is excellent thsidual phase errori&28 rms for the idler wave.

This experiment is the proof that CBC of continusws/e DFG using indirect phase control is feasibnce proving
that OPO CBC is also feasible as the nonlinearge®@volved in both cases is the same: paransetrdification.

The main difference between SHG CBC and DFG CBifid@s simultaneous phase locking that has been grimasible
for SHG combination [3], cannot be achieved solgaghen combining non-degenerate three-wave mifiequency



converters [5]. Even if seeded, the optical paffedince between the two signal channels inducekase difference
that is not compensated for, and the signal wareesat phase-locked simultaneously when the idkeres are.
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Figure 1. Schematics of the experimental set-ugléononstrating coherent combining of two 3.4-praritleams generated
through DFG in PPLN crystals. Coherent combiningdlieved by active phase-control of one of the puraves.

0,10

0,08

0,06

Voltage (V)

0,04 +

Time (s)

Figure 2. Time evolution of the interference signafl the idler beams when the phase control logpén and then closed.

2.2 Experimental tests of OPO CBC, challenges and limitations

First step of experimentally combining OPOs wadésign an efficient continuous-wave OPO cavity fé#nt cavities
were tested, ring cavities and linear ones, andd#se results were obtained with the linear cgpisented in Fig. 3 that
offered the lowest emission threshold.

The cavity is 20-cm long and is formed between temcave mirrors with 50-mm and 130-mm curvatureiusd
respectively. Both are high reflection coated foe signal wavelength at 1.5 ums(R97 %) and the output coupler is
high transmission at the idler midinfrared wavekbnddoth mirrors offer a low reflection at the pump@velength to
minimize the pump losses.

With this linear cavity, the OPO threshold was ad - 8 W and the OPO delivered a few hundredsibivatts of
idler power at 3.8-um wavelength as can be se&igird.
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Figure 3. Optimal continuous-wave OPO linear cavitye output coupler is mounted on a piezo-elettaiaslation stage to
be able to finely tune the position of the spectemitted.
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Figure 4. Idler power vs. pump power for the cambims-wave OPO..
After duplicating the cw OPO cavity, we began e$tCBC of OPOs. The experimental setup is arraagad Fig. 5.
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Figure 5. OPO CBC experimental setup. For the sakeatifng the figure easier to read, ring cavitiescaeavn for the
OPOs but we used the optimized linear cavity fah@POs in the experiment.



Using a wavemeter and finely tuning finely the temgiure of the second NL crystal, we were ableritaghthe second
signal wavelength very close to the first one, isightly close to allow for fine adjustment of tlsecond signal
wavelength to the other signal wavelength valuagisavity length tuning with a piezo-electric migrositioner.

Unfortunately, even with a singly-resonant OPO #fauld provide smooth tuning of the signal wavethnwith the
cavity length, we observed thermally induced lomgjital mode-hops that made it impossible to impletnpEoper
feedback on the signal wavelength through cavitgtle control.

Parasitic Fabry-Perot effect due to residual réflég of the cavity mirrors at the pump wavelengtiere also observed
and induced detrimental power fluctuations eveerdiiniting their impact as much as possible.

Coherent combining of cw OPOs couldn’'t be achiesad would require a higher level of stabilizatiohtlee OPO
cavities than the one available on the experimesgtip, as well as a choice of mirrors specificdigigned for the
OPO cavity with higher transmittance for the punmgvelength.

3. TARGET-IN-THE-LOOP COHERENT COMBINING OF 7 FIBER LASERS

3.1 Thelaser testbed for CBC and TIL-CBC

The laser configuration is a standard 7-channeltenasscillator power amplifier (MOPA) configuraticet 1.5 um
wavelength. A single-frequency low power (40 mW)siea oscillator (MO) is split and amplified intochannels. Each
of the 7 Er-Yb doped fiber amplifiers delivers up3 W at 1543 nm. One of the fiber amplifiers i$ pbase controlled
and is free to fluctuate in phase while in-betwélem MO and 6 of the amplifiers, we use fast eleoptic phase
modulators with a 150-MHz bandwidth to control thigase of each channel and simultaneously tag efatiftese 6
channels at a specific frequency around 20 MHz wilbw-depth phase modulation.

In this self-referenced LOCSET configuration, thepl@ase-controlled channels follow the phase fluatna of the
seventh channel that’s not modulated (see Fig. 6).
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Figure 6. On the left side, schematics of the arpanmtal setup for frequency-tagging CBC (also knowh@ESET). On
the right side, interference pattern in the faldfieaptured on a 1.5-um camera located at the distance as the direct
CBC detector.

The 7-channel CBC setup delivers a nice interfexgrattern in the far-field. We confirmed that imedit CBC, i.e. using
a fast photodiode to capture part of the centita lof interference in the far-field, it was easydck the phases of the 7
laser channels and stabilize the position of titerference pattern.



In LOCSET, frequency tagging of th& ¢hannel at a specific frequeneiyresults in an interference signal that generates
an error signal after demodulation at the sameufraqy given by equation:

N

ierror_i (t) U EIJl(ﬁI) Eu Sin(% _¢|)+ _1Ej‘]0(ﬁj )Sln(¢] _Q)
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whereg is the " amplifier chain output phase in the photodeteptane, andg, the unmodulated reference beam phase
in the photodetector plang; andE, are the respective electric field amplitudes atdhtput of the!l amplifier and of
the unmodulated amplifier3 and B, are the respective modulation depths of theamplifier channel and of the
unmodulated channel. Driving the 6 error signaisusianeously to zero in real time results in mamitey equal phases
for the 7 channels. Any sudden phase shift is imately compensated for, thanks to the very fasttedeoptic phase
modulators and fast detection.

CBC efficiency measured as the fraction of theltptaver located in the central lobe of the intezfeze pattern was
higher than 53 % (see Fig. 6). It's very closehe experimental maximum that can be achieved wahsSian laser
beams (theoretical maximum is 63 %), but a libwér due to the opto-mechanical constraints ligitime effective fill-
factor in the near-field.

Residual phase error has been measured and is floaret/40, confirming again the high efficiency of the CBrocess
and the high speed of the feedback loop. The omchamical head where the outputs of the 7 fiberlifiens are
collimated and sent through the atmosphere is cetelyladjustable (see Fig. 7). Piezo-electric meo#we used to set the
transverse position of the output fiber tip witlspect to the collimating lens, in order to alige thcollimated beams in
the same direction. The focus of the collimatingsks is manually tuned beforehand. Figure 3 presgatures of the
first part of the testbed dedicated to laser emissi

For Target-In-the-Loop Coherent Beam Combining (CIBC), a second stage of the testbed is dedicatémhy range
focusing of the laser beams and to collection astéalion of the backscattered signal from the renarget. We chose
to use a bi-static configuration (see Fig. 8) whibee long range focusing and the reception apestare separated, to
limit the risk of narcissus effect, and decreasedptical complexity of the detection line with pests to a monostatic
configuration.
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Figure 7. Pictures of the experimental setup parts.
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Figure 8. View of the complete testbed with bothssion and reception lines.
3.2 Experimental demonstration of TIL-CBC

After some first demonstrations of CBC and TIL-CBCthe laboratory and then outdoor at shorter rafggs than
100 m), the testbed that has been designed to bi#éemuas transferred to our laser site where weabte to shoot lasers
safely up to 1-km range (see Fig. 9). The sitegigmped with proper apparatus to monitor the weadime atmospheric
conditions, and also to measure turbulence strehgdligh the average value of & over 1 km.

The experiments took place during summer in theéhsauest of France. As the laser beams propagatadondally at
1.5 m from the ground, the level of turbulence wa#e high and the average valueGyf over 1 km was often close to
or even much higher than 10?3,

Despite these detrimental turbulence conditionsgmitheC,2 value was lower than 8 m?3, we were able to perform
efficient TIL-CBC up to 1 km.

A transparent wedge plate was placed before thgetiato reflect a small fraction of the combinedhine power to a
black screen located at the same distance as ipet.téroceeding like this, we could record videquences of the
interference pattern displayed on black screendnsgrved with an InGaAs Raptor camera, withoutrfetiang with the
TIL-CBC process in the target plane. Fig. 9 presémstantaneous images of the interference pattélnand without
closing the CBC feedback Ioop.o
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Figure 9. Instantaneous images of the interfergatiern generated at 310 m when TIL-CBC feedback imagptive and
inactive.

Fig. 10 presents averaged images from the same situence. The size of the interference lobestidifferent in the
instantaneous images and in the averaged imagerdgmating that the interference pattern was loaked fixed
position in the target plane.

Fig. 11 presents the averaged image obtained vengattdistance was 1 km.



Figure 10. Averaged images of the interferenceepatjenerated at 310 m when TIL-CBC feedback looptigeaand
inactive.
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Figure 11. Averaged images of the interferenceepatgenerated at 1 km when TIL-CBC feedback looptiseaand
inactive.

Even if turbulence induced perturbations clearlgesy to decrease the efficiency of the CBC lockiragess, TIL-CBC
still operates successfully and results in an imseel power density deposited on the remote tatrdekm.

4. CONCLUSION

We developed an experimental setup for coherenbaong of continuous wave OPOs with active phagsgrob of their
pump waves.

To prevent fluctuations of the intracavity pump @owparasitic Fabry-Perot effects on the pump waaee to be
mitigated Temperature tuning of NL crystal is enoug bring both signal wavelengths close enoughfifa tuning
through cavity length adjustment.

However, this experimental test of OPO coherentlining was unsuccessful due to detrimental sigaaltg mode-
hops that prevented from smooth enough tuningestgnal wavelength.

We also developed a mobile testbed for cohereninbaambining of 7 fiber lasers emitting at 1.5 pnhisTtestbed
operates through frequency-tagging phase differemmatoring. It can concentrate more than 53 %hefdverall power
in the central of the interference pattern gendratehe far-field, after overlap of the laser bsam

The testbed has been designed to use the backedasignal coming from a remote target as a reterdor phase
difference monitoring and phase locking. It wasraped in a target-in-the-loop configuration, fiedtshort distance in
the laboratory, and then at longer distance outjgmopagating the beams through real, weak togtedmospheric
turbulence.

The longer range outdoor experimental campaign detrated that TIL-CBC efficiency is preserved upntore than
310 m. Perturbations induced by strong atmosphiiculence are significantly affecting TIL-CBC, buiL-CBC
operates successfully at 1-km range anyway, alithtlower efficiency.

Future work is dedicated to modifying the testeb®dmprove its performances, especially when degaliith strong
atmospheric turbulence conditions.
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