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Abstract: We report the coherent spectral broadening of a mode-locked VECSEL in normal-
dispersion photonic crystal fibers. Subsequent compression produced 150 fs pulses at 270 mW

average power or 220 fs pulses at 520 mW average power.
OCIS codes: (320.7090) Ultrafast lasers; (320.5520) Pulse compression; (140.5960) Semiconductor lasers

1. Introduction

Recent demonstrations of femtosecond mode-locked VECSELSs with Watt-level output powers [1, 2] have fuelled
interest in their possible use as seed sources for gigahertz-mode-spacing supercontinuua. To date, however, while
VECSELSs have been used for supercontinuum generation both directly [2] and in fibre-amplified configurations [3],
the majority of the resulting supercontinuua have been incoherent, primarily as a result of the pulse durations of the
VECSEL seeds, which are typically in the few-hundred femtosecond range rather that the sub-200-fs pulses which
would be suitable for coherent supercontinuum generation when soliton effects are present. While sub-100-fs pulses
have been demonstrated in low power mode-locked VECSELSs [4], similar pulse durations at average powers
approaching 1 W remain elusive.

This paper describes the experimental demonstration of an alternative route to achieving high power, sub-200-fs
pulses at gigahertz repetition rates. Coherent spectral broadening of a 455 fs, 1.4 W VECSEL is performed in
photonic crystal fiber in the normal dispersion regime [5, 6], followed by pulse compression. The resulting
1.55 GHz source yields either 150 fs pulses at 270 mW average power or 220 fs pulses at 520 mW average power.

2. Results and discussion

The gain sample used in this work was an antiresonant design, grown by NAsP I11-V GmbH, containing 10 InGaAs
quantum wells in an 11A/2 long microcavity designed for operation at 1015 nm. The sample was flip-chip bonded to
a 0.3 mm thick diamond heatspreader which was mounted on a water-cooled copper block. The laser cavity was
formed between a 1.45 % output coupler with 100 mm radius of curvature and a surface recombination SESAM,
with the gain sample as a folding mirror. The gain sample was pumped with up to 25 W in a 300 um diameter spot
using a fibre-coupled 808 nm diode system, and the ratio of mode areas on the gain sample and SESAM was
estimated to be 2:1. The SESAM heatsink was held at a temperature of 16 °C by a thermoelectric cooler and the gain
sample heatsink temperature at 17 °C. The laser output, at an average power of 1.4 W and a repetition rate of 1.55
GHz, was characterized using a 10 GHZ bandwidth RF spectrum analyzer, which confirmed stable modelocking,
and a MesaPhotonics FROGscan FROG system. The measured FWHM pulse duration and spectral bandwidth were
455 fs and 3.4 nm centred at 1007 nm, corresponding to a time-bandwidth product of 0.46.
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Figure 1, FROG spectrogram (a), and extracted spectral (b) and temporal characteristics (c) of the 650 mW output from the University of
Bath fiber. Close-to-parabolic phase profiles can be seen in both spectral and temporal domains.

The laser output was launched through an optical isolator into two different pieces of photonic crystal fiber: a
4 m length of all-normal-dispersion fiber produced at the University of Bath (UoB fiber) [7], and a 1 m length of
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SC-5.0-1040 fiber from NKT Photonics. The VECSEL wavelength was in the normal dispersion regime for both
fibers, which have a dispersion minimum at 1064 nm and a zero dispersion point at 1040 nm respectively. A
transmission of 45% was achieved in the case of the UoB fiber, corresponding to an output power of 650 mW from
the fiber, but thermal issues with the fiber coupling limited the power output from the NKT fiber to 350 mw.
Moderate spectral broadening was achieved in both cases, to 20dB bandwidths of 51 nm and 39 nm respectively.
Figure 1 shows a FROG spectrogram of the output of the UoB fiber, along with the retrieved spectral and temporal
characteristics. The extracted phase in both spectral and temporal domains is close to parabolic as expected for
coherent spectral broadening in the all-normal dispersion regime.

Compression of the outputs of both fibers was performed using a grating compressor with a throughput of ~80%,
based around two 1000 line/mm transmission gratings. When set for optimal linear dispersion compensation,
FWHM pulse durations of 150 fs and 220 fs could be achieved from the NKT and UoB fibers respectively at
average powers of 270 mW and 520 mW. A FROG spectrogram of the compressed output of the NKT fiber is
shown in figure 2, along with the retrieved spectral and temporal characteristics.

7| —=—Intensity

o
o
@

o
i
IS

pel ‘aseyd
o
>
IS

N
&

o
—
e
-
ALK
52
23
82
Z
™
o

pes ‘aseyd

o

]

o
&

Wavelength, nm
o
R

Intensity, a.u.
o
=
Intensity, a.u.
o
e

o

s
0.0 -pumm———-" .""-__.
-1500 -1000 -500 0 500 1000 1500 980 990 1000 1010 1020 1030 -1000 -500 0

Delay, fs Wavelength, nm Delay, fs

[N}
o
o
0
-
-
.
=
-
=
-
=
=
-
-
=
-
=
-
=
-
-
H
=
-

X}

1000

Figure 2. FROG spectrogram (a), and extracted spectral (b) and temporal characteristics (c) of the compressed output of the NKT fiber. A
FWHM pulse duration of 150 fs is achieved at an average power of 270 mW.

It is clear that, while the compression has given close-to-linear phase across the main body of the pulse,
uncompensated higher-order dispersion has resulted in approximately 20% of the pulse energy remaining in side
peaks. The compressed output of the UoB fiber yielded a similar value, but with a longer pulse duration despite its
broader spectral bandwidth. It is likely that in both fibers the pulse duration and the energy in the side peaks could
be minimized by optimizing the length of fiber used. As such, neither system can yet be considered optimal, with the
performance of the NKT fiber based system being limited by poor coupling resulting from thermal issues, and both
systems suffering from less-than-complete pulse compression. Improvements in these areas, and of the VECSEL,
would be expected to yield further advances in performance.

3. Conclusions

We demonstrate a 1.55 GHz repetition rate pulse source based on coherent spectral broadening and compression of a
mode-locked VECSEL. Trains of either 150 fs pulses at 270 mW average power or 220 fs pulses at 520 mW average
power are generated.

4. References

[1] 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 power, Electron. Lett. 48, 588-589 (2012).

[2] 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. Ex. 21, 2, 1599-1605 (2013).

[3] C.R. Head, H-Y. Chan, J.S. Feehan, D.P. Shepherd, S. Alam, A.C. Tropper, J.H.V. Price and K.G. Wilcox, “Supercontinuum generation with
GHz repetition rate femtosecond-pulse fiber-amplified VECSELSs,” IEEE Phot. Tech. Lett. 25, 5, 464-467 (2013).

[4] A.-H. Quarterman, K.G. Wilcox, V. Apostolopoulos, Z. Mihoubi, S. P. Elsmere, L. Farrer, D.A. Ritchie and A.C. Tropper, “A passively mode-
locked external-cavity semiconductor laser emitting 60-fs pulses,” Nat. Photon. 3, 729-731 (2009).

[5] J.M. Dudley, G. Genty, and S. Coen, “Supercontinuum generation in photonic crystal fiber,” Rev. Mod. Phys. 78, 4, 1135-1184 (2006).

[6] A.M. Heidt, “Pulse preserving flat-top supercontinuum generation in all-normal dispersion photonic crystal fibers,” J. Opt Soc. Am. B 27, 3,
550-559 (2010).

[7] L.E. Hooper, P.J. Mosley, A.C. Muir, W.J. Wadsworth and J.C. Knight, “Coherent supercontinuum generation in photonic crystal fiber with
all-normal group velocity dispersion,” Opt. Ex. 19, 6, 4902 (2011).



