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We report a stable, Yb-fiber-laser-based, green-pumped,
picosecond optical parametric oscillator (OPO) for the
near-infrared based on the nonlinear crystal, PPKTP,
using fan-out grating design, and operating near room
temperature. The OPO is continuously tunable across
726-955 nm in the signal and 1201-1998 nm in the idler,
resulting in a total signal plus idler wavelength coverage
of 1026 nm by grating tuning at a fixed temperature. The
device generates up to 580 mW of average power in the
signal at 765 nm and 300 mW in the idler at 1338 nm
with an overall extraction efficiency of up to 52% and a
pump depletion >76%. The extracted signal at 765 nm
and idler at 1746 nm exhibit excellent passive power
stability better than 0.5% and 0.8% rms, respectively,
over 1 hour, in good beam quality with TEMoo mode
profile. The output signal pulses have Gaussian temporal
duration of 13.2 ps with a FWHM spectral bandwidth of
34 nm at 795 MHz repetition rate. Power scaling
limitations of the OPO due to the material properties of
PPKTP are studied. © 2015 Optical Society of America

OCIS code$190.4360) Nonlinear optics, devices; (190.7110) Ultrafast
nonlinear optics; (190.4400) Nonlinear optics, materials; (190.4970)
Parametric oscillators and amplifiers.
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Rapid and continuously tunable, highpower, picosecond optical
parametric oscillators (OPOs) in the neainfrared wavelength range
are highly desirable for the advancement oficroscopic techniques
such as Coherent AniBibkes Raman Scattering CARS), enabling
several applicatiors in biology and medicine[1-3]. Such OPOsre
typically pumped in the green, which irturn rely on second harmonic
generation (SHG)of modelocked Ndbased solidstate or Yb-based
fiber lasers [4]. Although picosecond geen sources can provide high
averagepowers, the ability to power scalegreenpumped picosecond
OPOs together with rapid tuning has been challengingp]. While
power scaling in OPOsdepends on the available pump power and
optimization of the output coupling [6], rapid tuning relies on the
properties of the nonlinear material itself [7]. Severalnear-infrared
OPOs based on birefringent nonlinearrystals such as LiBOs (LBO)[2]
and KTiOP®@ (KTP) [8, 9], and quasiphasematched nonlinear
materials such as periodicallypoled KTP (PPKTP)3], MgO:sPPLT
[10], and MgO:PPLN[11] have been previously demonstrated.

However, in all thesereports wavelength tuning has been achievedyy
varying the temperature of the nonlinear crystal, which isa relatively
slow process

Here we reporta stable, picosecon@®PO based on fanut design in
PPKTP, enabling rapidyrating tuning by translation of the nonlinear
crystal while operating close to room tenperature. The OPO, which is
synchronously pumped by anode-locked frequency-doubled Ybfiber
laser in the greengan provide continuous tuningover 726-955 nm in
the signal wavelength rangegogether with corresponding idler tuning
across1201-1998 nm. A maximum average power o580 mW at 765
nm in the signal and300 mW at 1338 nm in the idle; an overall
extraction efficiency of up to 52%, and pump depletion >76%have
been obtained To the best of our knowledge, this is the first report of a
picosecond OPO based on PPKTP using adanhgrating design.
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Fig. 1. Schematic experimental setup for the picosecogeeen-pumped
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beamsplitter, L: Lens, M: Mirrors, OC: Output coupler.

The schematic of the experimental setup is shown in Fig. 1. The
primary pump source is a modelocked Ybiber laser (Fianium,
FP1060-20) delivering ~20 ps pulses at 79.5 MHz repéion -rate,
operating at a central wavelength of 108 nm with a doublepeak
spectral bandwidth of 1.4 nm(FWHM). The pumplight for the OPO is
obtained by single-passSHGN a 30-mm-long LBO crystal undetype |
(o® € noncritical phasematching at a temperature of 148.2C. The
picosecond green source provides up to 9 W of average power at 532
nm in 16.2 ps pulses at 79.5 MHz repetition rate with FWHM spectral
bandwidth of 0.6 nm [12]. It exhibits passivepower stability better
than 0.5% rms over 16 hours in TEM spatial mode with beam
pointing stability better than 12 mrad over 1 hour. The nonlinear
crystal for the OPO is a 3cnm-long PPKTP from Raicol Crystalsith
grating periods ranging from =9.00 t010.85 um in a farout grating
design The crystalhas al-mm-thick, 11-mm-wide aperture, andis
maintained close to the room temperatureat 30°Cfor type 0 (e° eg)
phasematching. The crystal endfaces areantireflection (AR)-coated
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for high transmissionat 532 nm and 726990 nm (R<0.5%) and over
1130-2040 nm (R<5%). The greenpump beamis focused to a waist
radius of wo~63 pm at the center of thePPKTPcrystal, corresponding
to a focusing parameterof ¥>0.3 [13]. The OPO is configured in a
standingwave X-cavity, with two plano-concave mirrors, Mi-Mz
(r=150 mm), a plane mirror, Ms, and a plane output coupler (OC). All
mirrors are highly transmitting for the pump (T>98%) at 532 nm and
the idler wavelengths (T>95%) over 110072100 nm, while highly
reflecting (R>99%) for the signal over 7061000 nm, henceensuring
singly resonant signal oscillation. A plan®©C withvarying transmission
of T~31-40% over 750-965 nm is used topartially extract the signal
power from the OPO. A dichroic mirror, M separates the gnerated
idler from the transmitted pump. The total optical length of theOPO
cavity is ~3.77 m, corresponding to a repetition rate of 79.5 MHz,
ensuring synchronization with the pump laser repetition rate.
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Fig. 2. Variation of the transmission of the 3&hm-long PPKTP crystal
as function of input green intensity for a green beam waist radius of (a)
Wo~40 pm,and (b) wo~63 pum in the nonlinear crystal.

Before proceeding to the characterization of the OPO, werfmemed
transmission measurements othe 30-mm-long PPKTP crystal at an
operating temperature of 30°C. The green beanwas arranged in
extraordinary polarization for these measurementsas required for
phasematching in the OPO. Initiallywe focused the jtosecond green
beam to a waist radius oiw~40 pum at the centre of the PPKTP crystal.
The variation of the transmission as a function ofhie input green
intensity and the correspondingaverage power is show in Fig. 2(a).
As the input average green poweis increased from minimum upto 2
W, corresponding to the input intensity ~30 MW/cmz2, we observea
clear drop in the transmission from 95.486 to 81.2 %, after correcting
for the 0.5% AR oating losses at 532 nm on botfaces of the nonlinear
crystal. Usirg a simple model, we fitted theexperimentally measured
data, from which we obtaineda linear absorption coefficient = 0.01
cnrl, and a twophoton absorption coefficient [ =1.67 cm/GW [14].
These values are significantly different from those reported easdr [14,
15], which we attribute to the use of higkrepetition -rate, low-energy
pulses at high average powein this work. We then relaxed the green
beam waist radius ton~63 pm at the centre of the PPKTP crystal and
performed similar measurements with the results shown in Fig. 2(b).
However, in this casewe were not able to increase the input average
green power beyond 2.4 Wat which we observed bulk damage in the
PPKTP crystal. Although this damage is not catastrophic, we were not
able to use the crgtal at this position anylonger. It is interesting to
note that the damagen this caseoccurred at an input green intensity
of ~15 MW/cmz2, which is only 50% of the intensity used in the
previous casdn Fig. 2(a)where the green beanwas focusedo wo~40
pm, thus indicating that the cause of the damage is related to the
average powerand not intensity. This observation alsoconfirms that
unlike the continuouswave (cw) regime [16,17], where high cw
powers in the green can be generated by PPKTP, in higipetition-

rate picosecond operationpower handling of the material is limited by
optical damageAs such to avoid any further damage to the crystal, we
limited the input averagegreen power to a maximum of ~1.6 W for
pumping the OPO.

In order to characerize the PPKTRicosecondOPO, we investigated
the wavelength tuning performance by temperature tuning as well as
grating tuning at low input pump power. For a fixed grating period of

=9.09 um, by changing the temperate of the PPKTP crystal from
30°Cto 145 °C, were able to tune the OPO from 888 950 nm in the
signal wavelength rangdogether with the idler from 1209 to 1339 nm,
as shown in Fig 3(a). fie solid and hdlow circles are the experimental
data, while the solid and dasheaturves correspondto thetheoretical
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Fig. 3. (a) Temperature tuning for a fixed grating periadnd (b) grating
tuning for a fixed temperature of30°C forthe PPKTRpicosecondOPO.

cdculations usingtwo different Sellemier equations from Ref[18] and
[19]. The signalwavelengths were measured using a spectrometer,
while the idler wavelengthswere calculated from energy conservation.
As evident from Fig. 3(a), we found a better agreemebetween our
experimental dataand the calculations using &8llemier equationsfrom
Ref. [19]. We then performedgrating tuning of the OPO byranslating
the PPKTPcrystal across the pump beanwhile operating & a fixed
temperature of 30°C. \\& were able to continuously tune thédPO over
726-955 nm in the signal together with the idler acrgs 12011998 nm,
corresponding to a total signal plus idler tuning coverage of 1026 nm,
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Fig. 4. Signal spectra across the tuning range of the PPKTP OPO.




as shown in Fig. 3(b). The solid curve corresponds to the theoretical
calculation using the Sellemier equations of Refl9], where excellent
agreement with the experimental data is evident. The signal spectra
obtained by translational grating tuning of the PPKTP OPO are shown
in Fig. 4.

The simultaneously measured signal ral idler average power,
together with the overall extraction efficiency and pump depletion
across the tuning range of the PPKTjsicosecondOPCQOis shown in Fig.
5. For a fixed inputpump power of ~1.6 W, and using an OC with
varying transmission of T~31-40% over 750-965 nm to partially
transmit the resonantsignal from thecavity, we were able to extract an
averagesignal powerranging from 540 mW at750 nm to460 mW at
964 nm,as shown in Fig5(a). The correspondingdler power varied
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Fig. 5. (a) Signal power and extraction efficiency, (b) idlgrower, and
pump depletion across the tuning range of the PPKTP OPO. Inset:
Transmission of the OC in the signal wavelength rage.

from 250 mW at 1187 nm tol110 mW at 1829 nmwith a maximum of
300 mW at 1338 nm as shown in Fig. 5(b). The OPO provided an
overall extraction efficiency of upto 52% at a signal wavelength of 902
nm, with >40% maintained across the tuning range. A maximum
pump depletion of >76% isrecorded at a generated idler wavelegth

of 1338 nm, while remaining >48% over theentire tuning range. Also
shown in the inset of Fig. 5(a) is the transmission of the OC in the signal
wavelength range. It is to be noted that the data presented here are not
corrected for any AR coating or trasmission lossesof the crystal and
mirror coatings.

The power scaling results of the PPKTP OPO are presented in Fig. 6.
At a fixed temperature 0f30°C and for a signal output coupling of 26%,
we extracted as much as 8BmW of averagesignal power at 765nm,
together with 200 mWof idler at 1746 nm, for a input pump power of
~1.7 W. The threshold of the OP@as ~340 mW and a maximum
pump depletion of >60% was recorded. The slope efficiencies of the
extracted signal and idler power are estimated to be 43%nd 15%,
respectively. Similar measurements with identical output coupling, at
an operating signalwavelength of 916 nm, corresponding to an idler
wavelength of 1269 nm,resulted in an averagesignal power of 500
mW together with 300 mW of idler power, with slope efficiencies of
40% and 25% respectively,for an input pump power of 1.55 W. This
corresponds to a totalaverage power of 800 mW, representing an
overall extraction efficiency of ~52%. The threshold of the OPO in this
casewas ~280 mW, while a pump depletion of ~67% was recorded.
No saturation was observed in eithercase indicating thefeasibility of
further power scaling. However, the usable maximum pump power is
currently limited by the material quality ,asevident from Fig, 2.

The simultaneously recorded longeerm stability of the signal and
idler power at a signal wavelength of 765 nmcorresponding to an
idler wavelength of 1746 nmis shown in Fig. 7(a)The signal power is
measured using low power thermal detector (Ophir 3AQUAD) with a
response time of ~2 seconds, while the idler power imeasured using

another thermal detector (Ophir 10APPS), with a response time of ~1
second.The signal and idler power, recorded over a period of 1 hour
while generating maximum output powe, exhibit passive power
stability better than 0.5% rms and 0.8% rms, respectivelyFigure 7(b)
shows the power stability of the pump at a power level of ~2Wiyhich
is better than0.8% rms overl hour.
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Fig. 6. Power scaling of the PPKTP OPO at an opegatsignal
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The farfield energy distribution of the signal beam measured for a

wavelength of 750 nm at the output of the OPO is shown in Fig. 8(a),

with the comesponding idler beam profile shown in Fig. 8(b). The

signal beam profilewas recorded using asilicon-based CMOS camera

and the nearinfrared idler profile was recorded usinga pyroelectric
camera. Bothbeamsare confirmed to exhibit TEMbo spatial profile
with single-peak Gaussian distribution at maximum output power.
Further, we performed spectral and tenporal characterization of
the signal pulses from the PPKTpicosecond OPQCat maximum output
power. The longterm stability of the signal spectrum while operating
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Fig. 9 Longterm (a) spectral stability, (b) FWHM bandwidth stability

of the signal fromthe PPKTP OPO, recorded over a period of 1 hour.

The color scale corresponds to the normalized spectral intensity.

at acentral wavelength of 765 nm isshown in Fig. 9(a), indicatinghigh
spectral stability with a small doublepeak feature in the spectrumThe
corresponding FWHM signal bandwidth is stable to better than 2.3%
rms over 1 hour at about 3.4nm, as shown in Fig. 9(b). @mporal
characterization of the signal pulses from the OP®as performed by
usinghome-madeautocorrelator based @ two-photon detector.
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Fig. 10. Typical interferometric autocorrelation trace of the signal

pulses extracted from the PPKTP OPO. Inset: Corresponding signal

spectrum center at 765 nm.

Figure 10 shows the typicalinterferometric autocorrelation trace,
resulting in a FWHM pulsewidth of 19.4 ps corresponding to a

Gaussian pulse duration of 13.7 ps. The corresponding spectrum, with

FWHM bandwidthof 3.4 nmcentered at 765 nmis shown in the inset
of Fig. 10. These measurements result in a tin@ndwidth product of
3z3ux ¢1 EI
time-AAT AxEAOE DOI AGAOD
intracavity dispersion compensation couldfurther improve the time-
bandwidth product of the generatedoutput pulses from the OPO.

In conclusion, wehave demonstrated a stablepicosecond OPCat
79.5 MHzbased on PPKTRvith a fan-out grating design, pumped by

an Ybfiber-based green source at 532 nrand widely tunable in the
near-infrared close to room temperature The OPO is continuously
tunable over726-955 nm in the sighaland 1201-1998 nmin the idler,
by grating tuning through mechanical translation otthe fanned PPKTP
crystal. The OPO provides >400 mW afrerage power in the signal and
>100 mW in the idlerover the entire tuning range for an input pump
power of ~1.6 W, with a maximum o580 mW in the signal at 765 nm
and 300 mW in the idler at 1338 nm. The extracted signal and idler
from the OPO exhibitexcellent passive power stability better than
0.5% rms and 0.8% rmsrespectively, over 1 hour in high beam
quality with TEMoo mode profile. In the absence of dispersion control,
the signal pules extracted from the OPO hav&aussian temporal
duration of 13.2 ps measured at 765 nm with an FWHM bandwidth of

34 nm, resulting inatmeA AT Ax EAOE D OIT AleSsignall £ 3z

spectrum has a FWHM bandwidth stability of 2.3% rms measured at
765 nm.Measurements of the green pumpransmission in the PPKTP
crystal have been performed placing alimitation to power scaling of
the OPO beyon@.4 W ofaveragepump power due to bulk damage in
the material, with the damage mechanism identifiecis dependent on
the average power rather than intensity of the green pumpadiation.
The overall extraction efficiencyof the present devicecould potentially
beimproved by optimizing the output coupling at the current pumping
level[6].
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