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Abstract: We demonstrate a high-pulse-energy, synchronqustyped (7.19MHz), 100ps,
widely tunable MgO:PPLN OPO providing 0.49uJ pulae$.5um and 0.19uJ pulses at 3.6pum. A

single-mode fiber is employed in the OPO to keep4Pm-long cavity compact.
OCIScodes 190.0190, 190.4970, 140.7090, 060.2320, 140.2020

1. Introduction

Synchronously-pumped optical parametric oscillat@BPOPO) are useful sources for ultrashort, tunabplical
pulses. Progress in high-power, compact, ultrgfastp sources means that they are becoming ever attoaetive

for a broad range of applications. Advances hactuded a high-average-power femtosecond OPO purbped
thin-disk Yb:YAG laser [1], a high-pulse-energy @éecond OPO pumped by an Yb:fiber laser [2], and a
controllable repetition rate picosecond OPO puniped fiber-amplified gain-switched laser diode [3].

In this contribution, we report a picosecond SPOREputting high-energy pulses by using a pump surc
consisting of a 100ps gain-switched laser dioderaipegy at 7.19MHz and amplified in three Yb-dopéblef
amplifiers, similar to that in [4], and by applyiagsingle-mode fiber in the SPOPO cavity for sigiealdback [1] to
maintain a compact device.

2. Experimental setup

The 1.06um pump source was similar in all respexthat described previously [4]. However, the phi fiber
Bragg grating, used to compensate for the predantiinéinear chirp developed on the gain-switcheddsepulse,
was by-passed here leading to an increase of ilse pguration from 20ps to 100ps. The reduced pealephelped
to avoid nonlinear effects in the fiber amplifieenabling operation with pulse energies of up tou8,6
corresponding to an average power of 62W at theMHz repetition rate. The bandwidth of the outpulsps was
0.25nm and was thus ~10 times the bandwidth lifits highly efficient and compact pump source deidd near-
diffraction-limited (M < 1.2 at any power level), linearly polarized outputses with user-controllable repetition
rate and a minimum of free-space optical components

A schematic diagram of the SPOPO system is shoWwensatically in figure 1. The majority of the opfigeath
length of the SPOPO ring cavity was provided by2@m piece of standard single-mode fiber (CorningF38).
This allowed a small-footprint and compact overedisonator layout. A periodically-poled, 40x10x1fhm
MgO:LiNbO; (MgO:PPLN) crystal was used as gain medium (Caovesitd.), where the 40mm length provided
sufficient phase-matching bandwidth and relativatyall temporal walk-off for the 100ps pump and aigpulses.
The crystal had seven, 1mm by 1mm, periodicallyedajratings with periods ranging from 29.5um u@idbum,
and was held in an oven at 280to eliminate any residual photorefractive effe@g using a lens with 250mm
focal length to focus the pump beam into the ctystapot radius (17eéntensity) of 104um was achieved giving a
good match to the calculated 99um signal spot sadbtained with 250mm radius of curvature mirrodd1Cand
CM2.

A 90% transmission output coupler was used in otdechieve efficient output power extraction. Thigh
output coupling also ensured that relatively lognsi powers were returned through the optical fineorder to
avoid nonlinear distortions such as Raman scagefilevertheless, a fiber-coupling arrangement aitheat-sink
was required to avoid gradual damage to the fibdrfacet. The MgO:PPLN crystal and the couplingsésnL1, L2
were broad-band anti-reflection coated at the sigmavelengths, and the MgO:PPLN coating was alse lo
reflectivity for the pump and idler wavelengths.eTtavity was singly-resonant for the signal with Thd CM2
being highly reflective for the signal wavelengtlisd all cavity mirrors being highly transmissive the idler
wavelengths. Furthermore, the fiber was not trassivé at mid-infrared wavelengths. The idler watrasted



through CM2, which had a transmission of 88% atitther wavelengths. The transmission of CM1 for thenp
wavelength of 1.06um was 92%.
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Fig. 1. Schematic diagram of the SPOPO fiber feekiloavity.
3. Results

Figure 2 shows the signal and the idler output payfehe SPOPO as a function of the input pump pdweusing
the T=90% signal output coupler. All power values givesre are measured external to the cavity. Thelataoit
threshold was achieved at an average pump pow&®dtV. Up to 3.51W of average signal power at 1.604nd
1.37W of average idler power at 3.591um was obthirgng the 29.5um-period grating and average ppowers
up to 20.07W. The pump depletion was typically 358hese values correspond to pulse energies of 0.49(d
0.19uJ for the signal and idler, respectively. Tilghest pulse energy of 0.65uJ (signal only, id@rused) reported
previously stems from a relay-imaging free-spac®©@&sonator by employing a cavity dumping technifdle
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Fig. 2. Signal and idler output power as a functbmput power. Pump depletion is shown on thétrig

A manual fiber polarization controller was usedmattempt to control the polarization of the natapzation-
maintaining single-mode fiber and to deliver a éifg polarized beam with the correct orientation tte
MgO:PPLN crystal. However, it was observed expentaky that this had no effect on the OPO outpuig@o The
parametric gain was in the high gain regime, whvegeestimated a required gain at the oscillatioeghold of ~40
to overcome the losses due to the high output eodnsmission, the loss at fiber launching ardaks due to the
incorrect polarization of the beam at the fiberpoiit In this regime the gain is given by 1/4-eXfj(R where L is
the crystal length and is the gain coefficient, as defined in [6]. Henites threshold gain exponerft2was ~5. At
the maximum pump power, ~5 times above threshbllekponent is/5 times greater (becauB&is proportional to
the pump power), i.e.2. = 11.2, corresponding to a gain of ~43dB. An aateiab initio calculation of the



effective gain exponent is complicated by the utaiety over the effective pump intensity, sincéds a Gaussian
rather than a plane wave form.

We observed instability and a power roll-over of thutput power when increasing the average pumpepow
beyond 20W. The reason for the roll-over is notreht clear but it appears to be not related torage power
limitations for the MgO:PPLN crystal as a reductmfrthe pump average power and hence the therrpat o the
crystal by placing a 50/50 duty cycle optical chepm the pump beam did not improve the performaofcthe
SPOPO. Physical damage, e.g. cracking or coatintade, of the crystal was not observed. There atiedtions
that the limitation may lie in the pump source, e3ally in the optical isolator used between puroprse and
SPOPO. The crystal of the isolator may suffer ftbermal effects, leading to a beam quality degiadadand/or a
spatial beam drift. Future work will investigatetie limitations further.

The signal beam duration was measured with a 32[BBaAs detector and a 50GHz communication signal
analyzer (experimentally determined minimum medslerpulse duration of ~30ps) to be 100ps and thmdas to
that of the pump. Spectra were taken for both fgea (with an optical spectrum analyzer) and idieith a
monochromator) pulses giving FWHM values of 2.0nmd 42nm, respectively. These figures indicate sfiyon
chirped pulses, which is again similar to the penfance of the pump laser. The SPOPO signal andwdleelength
was tuned by accessing different poled gratingh@fMgO:PPLN with the pump beam and a correspondavity
length adjustment to account for the changing rewipctime of the signal pulses due to dispersiarsignal tuning
range from 1.5pum to 1.7um and an idler tuning raingm 2.9pum to 3.6um was achieved. TH&values were
determined at the highest power to be 1.5 by Ir.&#@signal and 2.8 by 1.9 for the idler, where ttligher value for
both beams corresponds to the axis perpendicuthetaonlinear crystal plane and parallel to thg gavity plane.

3. Summary

In summary, we have demonstrated a high pulse gnsygchronously-pumped, picosecond SPOPO operating
at low MHz repetition rate. The use of a single-mdither to provide signal feedback is a key featorenaintain a
compact resonator size despite its long cavitytleng combination with the efficient, compact, gralver-scalable
pump source consisting of a gain-switched lasedaliand a chain of three Yb-doped fiber amplifiéhg, overall
system is attractive as a potential source foranefl materials processing [7,8]. Future work wilhcentrate on
further power scaling into the pJ pulse energymegat pulse durations of a few picoseconds.
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