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Abstract: We report the first optical parametric oscillator synchronously pumped by a
SESAM modelocked vertical external-cavity surface-emitting laser (VECSEL). As a
nonlinear medium, we use a periodically poled MgO:PPLN crystal. The VECSEL operates at
a wavelength of 982 nm and a repetition rate of 198 MHz. The pump radiation is converted to
signal and idler wavelengths tunable in the ranges of 1.4-1.8 um and 2.2-3.5 pm, respectively,
simply by a change of the poling period and crystal temperature. The signal pulses have a
duration between 2 ps to 4 ps and an average output power up to 100 mW.

OCIS codes: (140.5960) Semiconductor lasers; (140.7260) Vertical cavity surface emitting lasers; (140.4050) Mode-
locked lasers; (190.4410) Nonlinear optics, parametric processes; (190.4970) Parametric oscillators and amplifiers.

References and links

1. M. Kuznetsov, F. Hakimi, R. Sprague, and A. Mooradian, “High-Power (>0.5-W CW) Diode-Pumped Vertical-
External-Cavity Surface-Emitting Semiconductor Lasers with Circular TEMq, Beams,” IEEE Photonics Technol.
Lett. 9(8), 1063-1065 (1997).

2. 0. G. Okhotnikov, Semiconductor Disk Lasers: Physics and Technology (John Wiley & Sons, 2010).

3. B.W. Tilma, M. Mangold, C. A. Zaugg, S. M. Link, D. Waldburger, A. Klenner, A. S. Mayer, E. Gini, M.
Golling, and U. Keller, “Recent advances in ultrafast semiconductor disk lasers,” Light Sci. Appl. 4(7), e310
(2015).

4. A. Rahimi-Iman, “Recent advances in VECSELs,” J. Opt. 18(9), 093003 (2016).

5. M. Guina, A. Rantaméki, and A. Harkdnen, “Optically pumped VECSELS: review of technology and progress,”
J. Phys. Appl. Phys. 50(38), 383001 (2017).

6. S.-H. Park and H. Jeon, “Microchip-Type InGaN Vertical External-Cavity Surface-Emitting Laser,” Opt. Rev.
13(1), 20-23 (20086).

7. M. Rahim, M. Arnold, F. Felder, K. Behfar, and H. Zogg, “Midinfrared lead-chalcogenide vertical external

cavity surface emitting laser with 5 pm wavelength,” Appl. Phys. Lett. 91(15), 151102 (2007).

“Verdi G-Series | Coherent,” https://www.coherent.com/lasers/laser/verdi-g-series.

9. J.Chilla, Q.-Z. Shu, H. Zhou, E. Weiss, M. Reed, and L. Spinelli, “Recent Advances in Optically Pumped
Semiconductor Lasers,” Proc. SPIE 6451, 645109 (2007).

10. Y. Bai, J. Wisdom, J. Charles, P. Hyland, C. Scholz, Z. Xu, Y. Lin, E. Weiss, J. Chilla, and A. Lepert,
“Advances in optically pumped semiconductor lasers for blue emission under frequency doubling,” Proc. SPIE
9734, 97340Q (2016).

11. F. Zhang, B. Heinen, M. Wichmann, C. Méller, B. Kunert, A. Rahimi-Iman, W. Stolz, and M. Koch, “A 23-watt
single-frequency vertical-external-cavity surface-emitting laser,” Opt. Express 22(11), 12817-12822 (2014).

12. A. Rantaméki, A. Chamorovskiy, J. Lyytikdinen, and O. Okhotnikov, “4.6-W Single Frequency Semiconductor
Disk Laser With <75-kHz Linewidth,” IEEE Photonics Technol. Lett. 24(16), 1378-1380 (2012).

13. J. D. Berger, D. W. Anthon, A. Caprara, J. L. Chilla, S. V. Govorkov, A. Y. Lepert, W. Mefferd, Q.-Z. Shu, and
L. Spinelli, “20 Watt CW TEMy, intracavity doubled optically pumped semiconductor laser at 532 nm,” Proc.
SPIE 8242, 824206 (2012).

14. M. A. Gaafar, A. Rahimi-Iman, K. A. Fedorova, W. Stolz, E. U. Rafailov, and M. Koch, “Mode-locked
semiconductor disk lasers,” Adv. Opt. Photonics 8(3), 370-400 (2016).

©


https://doi.org/10.1364/OA_License_v1
https://crossmark.crossref.org/dialog/?doi=10.1364/OE.25.028983&domain=pdf&date_stamp=2017-11-07
https://crossmark.crossref.org/dialog/?doi=10.1364/OE.25.028983&domain=pdf&date_stamp=2017-11-08

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

. U. Keller, K. J. Weingarten, F. X. Kértner, D. Kopf, B. Braun, I. D. Jung, R. Fluck, C. Honninger, N.
Matuschek, and J. Aus der Au, “Semiconductor Saturable Absorber Mirrors (SESAM’s) for Femtosecond to
Nanosecond Pulse Generation in Solid-State Lasers,” IEEE J. Sel. Top. Quantum Electron. 2(3), 435-453
(1996).

S. Hoogland, S. Dhanjal, A. C. Tropper, J. S. Roberts, R. Haring, R. Paschotta, F. Morier-Genoud, and U. Keller,
“Passively Mode-Locked Diode-Pumped Surface-Emitting Semiconductor Laser,” IEEE Photonics Technol.
Lett. 12(9), 1135-1137 (2000).

P. Klopp, U. Griebner, M. Zorn, and M. Weyers, “Pulse repetition rate up to 92 GHz or pulse duration shorter
than 110 fs from a mode-locked semiconductor disk laser,” Appl. Phys. Lett. 98(7), 071103 (2011).

M. Butkus, E. A. Viktorov, T. Erneux, C. J. Hamilton, G. Maker, G. P. A. Malcolm, and E. U. Rafailov, “85.7
MHz repetition rate mode-locked semiconductor disk laser: fundamental and soliton bound states,” Opt. Express
21(21), 25526-25531 (2013).

K. G. Wilcox, A. C. Tropper, H. E. Beere, D. A. Ritchie, B. Kunert, B. Heinen, and W. Stolz, “4.35 kW peak
power femtosecond pulse mode-locked VECSEL for supercontinuum generation,” Opt. Express 21(2), 1599-
1605 (2013).

D. Lorenser, D. J. H. C. Maas, H. J. Unold, A.-R. Bellancourt, B. Rudin, E. Gini, D. Ebling, and U. Keller, “50-
GHz Passively Mode-Locked Surface-Emitting Semiconductor Laser With 100-mW Average Output Power,”
IEEE J. Quantum Electron. 42(8), 838-847 (2006).

M. Scheller, T.-L. Wang, B. Kunert, W. Stolz, S. W. Koch, and J. V. Moloney, “Passively modelocked VECSEL
emitting 682 fs pulses with 5.1 W of average output power,” Electron. Lett. 48(10), 588-589 (2012).

D. Waldburger, S. M. Link, M. Mangold, C. G. E. Alfieri, E. Gini, M. Golling, B. W. Tilma, and U. Keller,
“High-power 100 fs semiconductor disk lasers,” Optica 3(8), 844-852 (2016).

A. Harkonen, J. Rautiainen, L. Orsila, M. Guina, K. Rdssner, M. Hiimmer, T. Lehnhardt, M. Miller, A. Forchel,
M. Fischer, J. Koeth, and O. G. Okhotnikov, “2-um Mode-Locked Semiconductor Disk Laser Synchronously
Pumped Using an Amplified Diode Laser,” IEEE Photonics Technol. Lett. 20(15), 1332-1334 (2008).

J. A. Giordmaine and R. C. Miller, “Tunable Coherent Parametric Oscillation in LiNbOj; at Optical Frequencies,”
Phys. Rev. Lett. 14(24), 973-976 (1965).

M. Ebrahimzadeh, “Mid-Infrared Ultrafast and Continuous-Wave Optical Parametric Oscillators,” in Solid-State
Mid-Infrared Laser Sources, I. T. Sorokina and K. L. Vodopyanov, eds. (Springer-Verlag Berlin Heidelberg,
2003).

K. Vodopyanov, “Pulsed Mid-IR Optical Parametric Oscillators,” in Solid-State Mid-Infrared Laser Sources, .
T. Sorokina and K. L. Vodopyanov, eds. (Springer-Verlag Berlin Heidelberg, 2003).

J. H. Sun, B.J. S. Gale, and D. T. Reid, “Composite frequency comb spanning 0.4-2.4 um from a phase-
controlled femtosecond Ti:sapphire laser and synchronously pumped optical parametric oscillator,” Opt. Lett.
32(11), 1414-1416 (2007).

O. Kokabee, A. Esteban-Martin, and M. Ebrahim-Zadeh, “Efficient, high-power, ytterbium-fiber-laser-pumped
picosecond optical parametric oscillator,” Opt. Lett. 35(19), 3210-3212 (2010).

F. Adler, K. C. Cossel, M. J. Thorpe, I. Hartl, M. E. Fermann, and J. Ye, “Phase-stabilized, 1.5 W frequency
comb at 2.8-4.8 um,” Opt. Lett. 34(9), 1330-1332 (2009).

C. W. Hoyt, M. Sheik-Bahae, and M. Ebrahimzadeh, “High-power picosecond optical parametric oscillator
based on periodically poled lithium niobate,” Opt. Lett. 27(17), 1543-1545 (2002).

N. Leindecker, A. Marandi, R. L. Byer, K. L. Vodopyanov, J. Jiang, |. Hartl, M. Fermann, and P. G.
Schunemann, “Octave-spanning ultrafast OPO with 2.6-6.1 um instantaneous bandwidth pumped by
femtosecond Tm-fiber laser,” Opt. Express 20(7), 7046-7053 (2012).

T. Petersen, J. D. Zuegel, and J. Bromage, “High-average-power, 2-um femtosecond optical parametric oscillator
synchronously pumped by a thin-disk, mode-locked laser,” Opt. Express 25(8), 8840-8844 (2017).

D. J. M. Stothard, J.-M. Hopkins, D. Burns, and M. H. Dunn, “Stable, continuous-wave, intracavity, optical
parametric oscillator pumped by a semiconductor disk laser (VECSEL),” Opt. Express 17(13), 10648-10658
(2009).

N. Hempler, B. Bialkowski, C. J. Hamilton, G. T. Maker, and G. P. A. Malcolm, “Development and
commercialization of mode-locked VECSELSs,” Proc. SPIE 9349, 93490K (2015).

C. A. Zaugg, M. Hoffmann, W. P. Pallmann, V. J. Wittwer, O. D. Sieber, M. Mangold, M. Golling, K. J.
Weingarten, B. W. Tilma, T. Stdmeyer, and U. Keller, “Low repetition rate SESAM modelocked VECSEL
using an extendable active multipass-cavity approach,” Opt. Express 20(25), 27915-27921 (2012).

1.

Introduction

Optically-pumped vertical external-cavity surface-emitting lasers (VECSELs) [1] are a

ra

pidly evolving technology which exhibits a wide spectral coverage in an inexpensive and

compact setup [2-5]. Their foundation on semiconductor technology has the major advantage
of emission wavelength flexibility which is easily achieved by bandgap engineering. They
support emission wavelengths from the ultraviolet (391 nm) [6] up to the mid-infrared (mid-
IR) spectral region (5.3 pum) [7]. Such semiconductor lasers secured their position in the



continuous-wave (CW) laser market [8-10], providing high power levels in fundamental
transverse mode [9,11-13].

Pulsed operation of VECSELSs can be obtained in the femtosecond and picosecond regime
[3,4,14]. Typically, a semiconductor saturable absorber mirror (SESAM) [15] is used for
pulse formation. This concept enabled impressive progress over the last years [16-20]. For
example, a SESAM-modelocked VECSEL generated 5.1 W average power at 1030 nm in
pulses with 682 fs duration [21]. Furthermore, operation with sub-100 fs pulse duration has
been achieved for 100 mW of output power [22].

However, in contrast to the demonstrated spectral coverage of VECSELSs in the CW-
regime, pulsed operation has been so far limited to wavelengths up to the 2 um-range [23] and
the best performance is obtained in the spectral region between 800 and 1200 nm [3]. This
limitation in emission wavelength can be remedied by nonlinear frequency down-conversion.
An effective approach is the use of an optical parametric oscillator (OPO) [24-26].

Ultrafast OPOs are usually synchronously pumped at the same repetition rate as the
driving laser. During the last decades, synchronously-pumped OPOs have been pumped by
different ultrafast laser types, including Ti:sapphire lasers [27], Yb-fiber lasers [28,29], Nd-
and Yb-based solid-state lasers [30], Tm-lasers [31], and thin-disk lasers [32].

VECSELS can serve as a cost-efficient, versatile and compact alternative pump source for
OPOs. However, so far the use of semiconductor lasers to pump OPOs has been limited to the
CW-regime [33]. In this work we present the first ultrafast synchronously VECSEL-pumped
OPO. We use a compact 982-nm modelocked VECSEL and a periodically poled MgO:PPLN
crystal with different poling periods. We evaluate pulse duration, power levels, and tuning
range.

2. Experiment
2.1 Pump laser: VECSEL prototype from M squared lasers

The pump laser source is a modelocked VECSEL developed by M Squared Lasers Ltd [34].
The laser has a central emission wavelength of 982 nm [Fig. 1(a)] and operates at a
fundamental repetition rate of 197.6 MHz [Fig. 1(b)].

Low repetition frequencies are usually challenging to achieve with ultrafast VECSELs
due to their relatively short gain carrier lifetime which typically leads to multi-pulsing in the
cavity [35]. The pulse break-up is strongly influenced by the cavity design, the pump power,
the semiconductor gain and saturable absorber characteristics. A careful selection of these
parameters offers the window of operation where the laser can operate without modulation
instabilities or harmonic mode-locking. The laser used in this experiment has a cavity
designed without multiple passes through the gain and is passively modelocked with a
SESAM [34]. It keeps a large intracavity dispersion which results in strongly chirped long
pulses of a duration in the order of 60 ps. This mode of operation intends to keep the peak
power low and avoid excessive nonlinear effects inside the cavity. A subsequent external
compression in transmission gratings is implemented to efficiently compensate the chirp.

In Fig. 1(c), we show the autocorrelation trace of the compressed output pulses with a
typical pulse duration around 3 ps full width at half maximum (FWHM) assuming a sech?
pulse shape (intensity SHG-autocorrelator: Femtochrome FR-103). To confirm the single-
pulse operation, we performed a sampling oscilloscope characterization of the laser pulse
train [Fig. 1(d)]. The laser pulses are equally separated by a time delay of 5.06 ns which
corresponds to the 197.6 MHz fundamental repetition rate. The ringing of the signal measured
with the sample oscilloscope is an electrical artefact. The compressed VECSEL generates up
to 580 mW average output power, leading to a corresponding maximum pulse energy of 2.9
nJ and a peak power of ~0.8 kW (assuming a sech? pulse shape). A beam quality
measurement provided an M? factor of 1.16, close to the diffraction-limit.
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Fig. 1. Pulse characterization of the pump laser. a) Optical spectrum with a peak intensity at
981.5 nm and estimated full width at half maximum of 1.9 nm. b) RF spectrum centered at
197.6 MHz at a resolution bandwidth (RBW) of 0.1 kHz. ¢) Autocorrelation trace (blue) and
sech? fit of the autocorrelation of the pulses (dashed red), corresponding to a pulse duration of
3.2 ps (FWHM). d) Sampling oscilloscope measurement with 1 ns and 8 ns (inset) span,
confirming the single-pulse operation of the VECSEL. The weak ringing that follows the pulse
signal trace is an artefact due to the electronics of the detection setup.

2.2 Optical parametric oscillator setup

Two different periodically-poled magnesium-doped lithium niobate (MgO:PPLN) crystals
were used in the experiment. Their parameters are summarized in Table 1. Crystal #1 is a
commercially available crystal from Covesion Ltd. with multiple poling periods and
dimensions of 10 mm x 10 mm x 0.5 mm. Four poling periods were used in our OPO
configuration: 27.91 pm, 28.28 um, 28.67 um and 29.08 um. Input and output facets have an
anti-reflection (AR) coating optimized for 1064 nm and 1.4-1.8 um wavelengths. Crystal #2
was custom made by the company Raicol Crystals. It has a single poling period of 29.15 pm
and a length of 5 mm. Both facets are AR-coated for 980 nm and 1520 nm wavelengths. The
transmission of the pump through the crystals has been characterized using a CW diode (3S
PHOTONICS 1999CHP) emitting at 976 nm. We measured a transmission of 96.3% for
crystal #1 and 98.9% for crystal #2 at 100 mW of pump power. We operated both crystals at
elevated temperatures between 50°C and 150°C in a crystal oven for temperature tuning.

Table 1. Crystals parameters

Length Poling periods AR coating (from the datasheets) Transmission at
[mm] [um] 976 nm
Crystal #1 10 27.91, 28.28, 1064 nm (R<1.5%); 1400-1800 nm 96.3%
28.67,29.08 (R<1%); 2600-4800 nm (R~6%-
3%)
Crystal #2 5 29.15 980 nm & 1520 nm 98.9%
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Fig. 2. Experimental setup of the VECSEL-pumped OPO.

The experimental setup of the VECSEL—pumped OPO is shown schematically in Fig. 2.
The resonator is a standing-wave cavity, designed for the signal wave. The three highly
reflective (HR) mirrors and the output coupler (OC) are broadband coated to cover a signal
wavelength range from 1.40 um to 1.75 um. The two curved HR mirrors have a radius-of-
curvature of 150 mm and are separated by approximately 170 mm. From simulations, it
results in a waist with a radius of 75 um for the signal beam in the crystal (software: RP
Resonator). The curved mirrors have an AR coating for the pump wavelength on the backside
and a high transmission at 980 nm on the front side in order to minimize the losses before the
crystal and to eliminate the residual pump rapidly after the parametric conversion. An
important part of the idler radiation exits the cavity through the curved mirror, where the idler
spectral characterization is performed after a long pass filter with a cutoff wavelength of 1000
nm, used to remove residual pump and nonlinear frequency mixing signals. The idler output
power cannot be directly measured due to the wavelength dependent absorption of the fused
silica substrate of the curved mirror in the 2-3.5 pm range. In the following we state the idler
power computed from the signal output power times the ratio of the signal wavelength to the
idler wavelength. A flat HR mirror is used as one end mirror of the cavity, while the other
cavity end is formed by an OC with 1.5% transmission at the signal wavelength. The signal
output power is measured after a long pass filter with a cutoff wavelength of 1000 nm. We
corrected the output power for the losses in this filter (20%). The cavity length is ~750 mm,
corresponding to a total round trip length for the pulses of ~1500 mm that matches the pump
laser repetition rate. We did not use active stabilization of the cavity length, but adjusted the
HR-end-mirror position manually with a standard mechanical translation stage.

An isolator is placed at the output of the pump laser to prevent disturbance of the
VECSEL by back reflections from the OPO. A half-wave plate and a polarizing beam splitter
(PBS) are used as polarization selective elements and for a continuous adjustment of the
pump power. The pump beam is focused into the crystal with a lens of 100 mm focal length
resulting in a waist with a radius of 60 um in air, which optimizes the matching of the pump
and signal spot size in the crystal according to the simulations.

2.3 Results

When operated with crystal #1, the typical cavity configuration for the maximum OPO output
power generates a signal at wavelength between 1410 nm and 1550 nm. Using the poling
period of 28.28 pm, a maximum signal output power of 60 mW (48 mW measured with the
power meter at the OC after the filter) is reached at 1413 nm for a pump power of 540 mW.
The signal power conversion efficiency is 11%.
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autocorrelation trace (blue) and sech? fit of the autocorrelation of the pulses (dashed red),
corresponding to a pulse duration of 3.2 ps (FWHM) for a cavity configuration with the 10
mm-long crystal #1, period of 28.28 um, crystal temperature of 120°C and signal wavelength
of 1413 nm.

The corresponding computed idler power is 26 mW at 3214 nm. Figure 3 presents the
signal output power as a function of the pump power. The OPO has a threshold at a pump
power of 184 mW and operates with a signal slope efficiency of 16.2%. The signal emission
wavelength is tuned by changing the temperature of the oven from 50°C to 150°C and using
the four different poling periods of the crystal. Thereby it is possible to generate a signal
wavelength covering a bandwidth of 420 nm from 1360 nm to 1780 nm with a corresponding
idler wavelength varying from 2190 nm to 3530 nm.
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Fig. 4. Characterization of signal and idler wavelengths with crystal #1 for the four different
poling periods 27.91 pum (light blue), 28.28 um (dark blue), 28.67 um (violet), 29.08 um
(green). a) Signal and idler optical spectrum normalized (left axis) and the output power for a
pump power of 450 mW (red triangles, right axis). b) Measured (filled dots) and computed
(empty dots) signal and idler wavelengths as functions of the crystal temperature and the
theoretical expected values (solid lines).

Figure 4(a) presents a selection of optical spectra of signal and idler waves measured with
an optical spectrum analyzer (Anritsu MS9710B for the signal and A.P.E waveScan USB IR,
which is limited to 2.6 pum, for the idler) and their corresponding output power (measured for
the signal and computed for the idler) for a pump power of 450 mW with an optimization of
the cavity length at every step. The limitation in the tunability of the generated signal is
attributed mainly to the bandwidth of the HR coatings of the cavity mirrors which are limited
to 1400-1750 nm. Figure 4(b) displays the signal and idler wavelengths as a function of the
crystal temperature for the four different poling periods, illustrating the good fit between the
measured and computed data. The signal pulse characterization was performed with the same
autocorrelator as in section 2.1, measuring pulse durations of 2-4 ps FWHM [see Fig. 3(b)],
determined by the duration of the input pulses.



Crystal #2 provided higher output powers with a maximum signal output power of 100
mW (80 mW measured with the power meter) at a pump power of 450 mW. In this
configuration, the crystal is stabilized at a temperature of 85°C. The generated signal
wavelength is 1630 nm with a computed idler power of 66 mW at a wavelength of 2467 nm.
This corresponds to a signal power conversion efficiency of 22%, which is two times higher
compared to crystal #1.
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Fig. 5. Characterization of operation with crystal #2. Signal optical spectra normalized (left
axis) and output power for a pump power of 450 mW (red triangles, right axis).

A change of the crystal temperature from 80°C to 120°C tuned the signal from 1623 nm to
1739 nm, i.e. over a bandwidth of 116 nm (see Fig. 5). The higher output power is surprising
given that the crystal length is only 5 mm, i.e. half of the first crystal. An important effect that
can reduce the conversion efficiency of longer crystals is the pump spectral acceptance
bandwidth, which scales inversely proportional to the crystal length. However, the acceptance
bandwidth of crystal #1 is stated above the 1.9 nm bandwidth of the pump VECSEL,
suggesting only minor contribution to the conversion efficiency. We attribute the increase in
efficiency with crystal #2 to the better quality of the AR coating for both the pump and signal
wavelengths, minimizing the losses of the cavity.

3. Conclusion

We have demonstrated an OPO pumped by a picosecond VECSEL emitting at wavelength of
982 nm. We obtained signal and idler wavelengths tunable in the ranges of 1.4-1.8 um and
2.2-3.5 pm, respectively, by changing the crystal temperature and poling periods. A
maximum signal output power of 100 mW was generated from 450 mW of pump with a
corresponding idler output power of 66 mW and a signal power conversion efficiency of
22%. This encouraging result paves the way for more compact and low-cost tunable ultrafast
sources emitting in the IR and mid-IR spectral regions.
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