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Abstract: A 1.94 GHz CW modelocked ytterbium-doped bismuthate waveguide laser is presented.
The waveguide was fabricated using the ultrafast laser inscription technique. Pulse energy of 30.9
pJ and pulse duration of 1.1 ps are inferred from the spectral width.

OCIS codes: (130.2755) Glass waveguides; (140.3390) Laser materials processing; (140.3615)
Lasers, ytterbium; (140.7090) Ultrafast lasers

1. Introduction

In recent years there has been much interest in the development of ultra-fast laser systems with pulse repetition
frequency (PRF) greater than 1 GHz. This has been motivated by many applications in non-linear microscopy,
frequency metrology and optical communications [1-3]. Due to engineering difficulties it can be challenging to
achieve a laser with a fundamental PRF greater than 1 GHz with a standard bulk cavity solid-state laser system because
the fundamental PRF is directly linked to the optical cavity length [4]. In order to achieve a short optical cavity length
we propose using a waveguide laser, as this allows the cavity mirrors to be placed at the end facets of the waveguide
thus reducing the cavity length to that of the gain medium. R. Mary et al. [5] reported a highly efficient monolithic
waveguide laser in Yb-doped bismuthate glass (BG) operating in continuous wave (CW) mode. The slope efficiency
of the laser was 79 %, which is close to the quantum defect limit. Later work by R. Mary demonstrated a Q-switched
modelocked laser with Yb:BG waveguides using a graphene saturable output coupler with a PRF of 1.5 GHz [6].
Lagatsky et al. [7] reported that group velocity dispersion (GVD) can be controlled by accurately changing the length
of the gap between the end facet of the waveguide and one of the cavity mirrors. This method of the GVD control was
used to demonstrate a fundamentally mode-locked femtosecond laser in Yb:10G-1 with a PRF of 15.2 GHz and pulse
energy of 1.8 pJ [7]. By combining the work of R. Mary and A. A. Lagatsky we aim to demonstrate a compact, highly
efficient CW modelocked in the near infrared with a fundamental PRF of > 1 GHz.

In this letter we demonstrated the first CW modelocked ytterbium-doped bismuthate waveguide laser with a PRF
of 1.94 GHz. A SESAM was used to passively modelocked the laser. The waveguides where fabricated using ultrafast
laser inscription.

2. Waveguide fabrication

The sample of Yb-doped bismuthate glass (Yb:BG) used in this investigation had a Yb dopant concentration of 1.6 x
10%° m'3, refractive index of 2.03 at 1304 nm and dimensions of 40 mm x 15 mm x 2 mm. The waveguides were
fabricated in the sample at a depth of 200 um using ultrafast laser inscription (ULI). ULI utilizes the nonlinear
absorption of a femtosecond pulse tightly focused below the surface of a transparent dielectric material. The high
irradiance at the focus allows nonlinear processes such as multi-photon, tunneling, and avalanche ionization to transfer
energy to the material lattice [8]. This energy transfer can result in a change in refractive index at the focus of the laser
beam. In the case of Yb:BG an increase in refractive index is utilized for the waveguide fabrication. In order to achieve
a symmetrical mode field profile the multi-scan technique is used [9]. This process translates the sample through the
focus of the beam 20 times with a small (0.4 pum) lateral offset in order to achieve a square waveguide cross-section.
The inscription laser used in this work was a femtosecond Yb:fiber laser IMRA pJ400) operated at a PRF of 500 kHz
with a pulse width of 350 fs. The femtosecond laser beam was focused into the sample using a slightly overfilled lens
that had a NA of 0.4. A range of inscription parameters where investigated such as laser pulse energy from 40 to 192
nJ and sample translation speeds from 2 to 12 mm/s. Full details of the waveguide fabrication and CW laser
characterization are given by R. Mary et al. [5].



3. Laser characterization

The pump source for this experiment consisted of two PM fiber-coupled 975-nm laser diodes that were combined
using polarization multiplexing. An 11-mm-focal-length AR-coated lens was used to couple the pump light into the
end facet of the Yb:BG waveguide. This lens also collimated the laser output. A 98 % reflective mirror (at the laser
wavelength) was used as the output coupler and was butt-coupled to the Yb:BG waveguide input facet with a
fluorinated liquid (Fluorinert FC-70). The SESAM (Batop GmbH) used in this work had an initial reflection of 99.3
% at 1050 nm, a modulation depth of 0.4 %, saturation fluence of 90 pwJ/cm? and a relaxation time of 0.5 ps. The
SESAM was mounted on a translation stage with manual adjustment and a piezo-electric stage to allow fine control
of the gap Ax. A schematic of the laser cavity design is given in Figure 1.
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Figure 1: Schematic of laser cavity design used in the demonstration of CW modelocking in Yb:BG

On initial alignment, the system demonstrated Q-switched modelocking but with very fine adjustment of Ax with
the piezoelectric motion controller CW modelocking was observed with a pump power of 800 mW. The authors
confirmed CW modelocking by the RF spectrum shown in Figure 2. From the RF spectrum, the laser was found to
have a PRF of 1.94 GHz, which is in good agreement with that expected from the cavity length. The average output
power of the laser was measured to be 60 mW with an incident pump power of 800 mW.
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Figure 2: Frequency spectrum of the Yb:BG waveguide laser in CW modelocked operation with 800 mW of pump light incident on the end facet
of the waveguide.

The wavelength spectrum of the laser was measured using an OSA with a resolution of 0.1 nm. The spectrum of
the laser during CW modelocked operation shown in Figure 3. The laser emission was centered at 1029 nm with a



FWHM of 1 nm. From the FWHM of 1 nm we can place a lower limit on the pulse duration of 1.1 ps, assuming a
sech? transform-limited pulse.
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Figure 3: Optical spectra of the CW modelocked Yb:BG waveguide laser operating under 800 m\W of pump excitation. The spectra was centered
at 1029 nm with a FWHM of 1 nm.

4. Conclusions

A CW modelocked ULLI inscribed waveguide laser has been demonstrated. GHz fundamental PRF CW modelocking
was achieved by using an inter-cavity gap for group dispersion compensation. The laser operated at a PRF of 1.94
GHz with maximum pulse energy of 30.9 pJ at 1029 nm.
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