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Abstract: We report femtosecond pulse generation at GHz repetition rates with the Yb:YLF
gain medium for the first time. A simple, low-cost, and compact architecture is implemented for
the potential usage of the system as a low-noise timing jitter source. The system is pumped by
250 mW, 960 nm single-mode diodes from both sides. The semiconductor saturable absorber
mirror (SESAM) mode-locked laser is self-starting and generates transform-limited 210 fs long
pulses near 1050 nm. The laser’s average output power is 40 mW, corresponding to a pulse energy
of 36 pJ at 1.1 GHz repetition rate. The measured laser relative intensity noise (RIN) from 1 Hz
to 1 MHz is 0.42%. The performance obtained in this initial work is limited by the specifications
of the available optics and could be improved significantly by employing custom-designed optical
elements.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Compact, low-cost ultrafast laser systems with suitable parameters such as wavelength, power,
pulse repetition rate, and noise level are needed for a variety of industrial and scientific applications.
In this respect, femtosecond lasers with high repetition rates (>500 MHz) have been widely
investigated and utilized as practical tools in a vast variety of fields such as optical frequency
metrology [1], high bit-rate optical communication [2,3], arbitrary waveform generation [4],
low-jitter synchronization of large facilities [5,6], high-resolution spectroscopy [7,8], medical
imaging [9,10], laser micromachining [11], quantum optics [12], optical clock distribution [13],
absolute distance measurement [14], and precision calibration of astronomical spectrograms in
the search for Earth-like exoplanets [15]. Utilizing high repetition rates in certain applications
offers advantages such as: (i) easier use of individual lines in frequency-comb-based spectroscopy
with a larger comb-mode spacing and a higher power per comb [16], (ii) improved nonlinear
bio-imaging with enhanced signal rate and imaging speed, along with reduced photobleaching
and photodamage of fluorescent protein [17], and (iii) increased signal to noise ratio through
higher entangled-photon flux in quantum applications [18].

Various techniques have been employed for generating ultrafast laser sources with repetition
rates in the gigahertz range, including fiber lasers [19,20], diode-pumped solid-state lasers
(DPSSL) [21,22], semiconductors lasers [23], and waveguide lasers [24,25]. Among these, diode-
pumped bulk and waveguide solid-state lasers have the potential to provide the best performance
in terms of laser noise, such as timing jitter, due to their ability to generate/handle high intracavity
peak powers via the usage of high-Q-cavities [26—28]. Amongst the diode-pumped solid-state
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lasers, Yb-doped gain media possesses broad enough emission bands of around 1 um to enable
sub-50-fs pulse generation [29-32]. Possession of simple energy diagrams with near-unity
quantum efficiency and the absence of undesired processes such as temperature quenching of
fluorescence lifetime, upconversion, and excited-state absorption help to minimize thermal effects
and promotes power scaling in Yb-systems [33,34]. Moreover, absorption bands of Yb-ions
around 960-990 nm match perfectly with the preferred emission spectrum of InGaAs laser diodes,
which are regarded as the most reliable and powerful laser diodes available in the market [35].
This in turn enables direct in-band diode pumping with minimal quantum defect and advantages
of cost reduction, compactness, low noise, and high electrical-to-optical conversion efficiency
[36]. Hence, there has been significant interest to develop ultrafast Yb-oscillators with GHz
repetition rates over the last decades as summarized in Table 1. From Table 1, we see that, pulse
durations as short as 48 fs [37], repetition rates as high as 10.6 GHz [38] and average powers
as high as 6.9 W [37] have been demonstrated from GHz repetition Yb-lasers via Kerr-lens
mode-locking (KLM) or SESAM mode-locking.

In this work, we aim to develop a simple GHz laser system with low-cost, and low power
consumption in a rather compact cavity scheme that can potentially fit into the palm of a hand.
Hence, use of single-mode diodes is preferred as the pump source which can be driven by simple
and compact battery powered diode drivers. As the laser gain medium, we choose to work with
Yb-doped Yttrium Lithium Fluoride (Yb:YLF) due to several advantages. First of all, Yb:YLF
can be grown with very high quality and minimal passive losses [57,58], enabling construction
of very high-Q-cavities that is beneficial in reducing quantum-noise limited laser timing jitter.
Second of all, Yb:YLF has relatively small linear and nonlinear refractive index, minimizing
intracavity nonlinearities and reducing the amount of negative dispersion required for soliton
pulse shaping, which is also beneficial for reducing the quantum noise limited timing jitter noise
of laser systems. Moreover, due to its negative dn/dT coeflicient, thermal lensing is quite small
in Yb:YLF compared to well-known alternatives such as Yb:YAG [59,60], hence, potentially
one can design a system where the laser crystal does not need active cooling. Lastly, Yb:YLF
has relatively broad emission bands enabling generation of sub-50-fs pulses in mode-locked
operation, a pulse width that is reachable only by a few Yb-doped crystals.

Yb:YLF gain media have been used in lasing studies for more than 20 years, and has already
shown some significant results. The first report of continuous-wave (CW) lasing with Yb:YLF
goes back in 2001 by Kawanaka et al., where 50 mW of output power was achieved with 400 mW
of diode pump power [61]. Later on, by use of more powerful pumping schemes in improved
geometries, CW output power exceeding S W and a CW tuning range extending from 993 nm to
1110 nm is demonstrated [62—65]. In mode-locked operation, 196 fs pulses with average power
up to 120 mW at 55 MHz [66], 87 fs pulses with 35 mW average power at 100 MHz [67], 40 fs
pulses with 265 mW average power at 87.3 MHz [68], and 380-fs pulses with 1.85 W average
power at 190.4 MHz [68] have been reported. Note that, all the earlier mode-locking results are
focused on standard repetition rates of ~100 MHz.

In this work, two low-cost 250 mW single-mode diodes are employed as the pump source,
and mode-locking of Yb:YLF lasers is demonstrated at GHz repetition rates for the first time.
Dispersion compensation is achieved via chirped mirrors and mode-locking is initiated and
sustained using a SESAM. Mode-locking was self-starting, and the laser produced transform-
limited 210 fs long pulses with 40 mW average power at a repetition rate of 1.1 GHz. The relative
intensity noise of the laser is measured as 0.42% within a bandwidth from 1 Hz to 1 MHz. The
results obtained in this initial study were limited by the commercially available optics and could
be significantly improved by usage of customized SESAM and dispersion compensating mirrors.
Nevertheless, the initial results demonstrate the potential of Yb:YLF oscillators in providing fs
pulse trains at GHz repetition rates from compact and low-cost laser setups.
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Table 1. Performance Summary of Yb-doped Bulk and Waveguide Solid-State Mode-locked Lasers
with GHz Repetition Rates

Gain Media Method Ppump(W) 7, (fs) Jrep(GHZ) | Payg(W) Ac(nm) Reference
Yb:YAG? SESAM 14 606 1.09 2.5 1031 [39]
Yb:CYA KLM 8.5 99 1.04 1.46 1048 [40]
Yb:KGW? KLM 22.3 296 1.64 33 1049 [41]
Yb:KGW? SESAM 0.82 250 0.56-1.23 0.13 1040-1036 [42]
Yb:KGW* SESAM 13 125 1.06 34 1046 [43]
Yb:KGW? SESAM 6 290 1 2.2 1042 [44]
Yb:KGW? SESAM 5.3 396 4.8 1.9 1043 [45]
Yb:KGW? SESAM 5.5 281 1 1.1 1041 [46]

Yb:CALGO? KLM 18.5 93 1 6.9 1045 [37]
Yb:CALGO” KLM 19.5 48 1 4.1 1052 [37]
Yb:CALGO“ SESAM 5.5 166 10.6 1.2 1050 [38]
Yb:CALGO? SESAM 15 95 5 4.1 1060 [47]
Yb:CALGO? SESAM 9 60 1.8 2.95 1059 [48]
Yb:KYW* CNT 0.75 168 1.2 0.05 1047 [49]
Yb:KYW? SESAM 1.3 278 1.02 0.8 1042 [50]
Yb:KYW* KLM 0.75 - 4.6 0.015 1046 [51]
Yb:KYW* SESAM 2.5 162 2.8 0.7 1045 [52]

Yb:LU, 03¢ KLM 1 148 6 0.01 1076 [53]

Yb3+-glass SESAM 0.5 738-824 | 4.9-15.2 0.06 1045 [54]

waveguide”

Yb:YAG SWCNT-SAM 3.2 0.002 2.08 0.32 1030 [55]
waveguide/

Yb:KLuW SWCNT-SAM 1.4 736-876 | 2.27-3.55 0.21 1030 [56]
waveguide®

Yb:YLF¢ SESAM 0.57 210 1.1 0.04 1050 This work

4 Pumped with: Single-mode fiber laser
bFiber-coupled laser diode

“MMD laser diode

4Distributed Bragg reflector tapered diode laser
¢Single-mode diode

fOptically-pumped semiconductor laser
8Tapered amplified diode laser.

The paper is organized as follows: Section 2 describes the cavity layout, specifications of the
optical elements used and the pumping method. Section 3 describes the measured characteristics
of the oscillator, and lastly the results are summarized in Section 4.

2. Experimental setup

Figure 1(a) shows the z-folded laser cavity used in CW and CW mode-locked lasing experiments.
For stable mode-locking at different repetition rates, careful adjustment of cavity arm lengths,
selection of dichroic mirrors (M1 and M2) with appropriate radii of curvature (RoC) was
necessary. Femtosecond pulse generation through stable CW mode-locking was achieved at
several discrete frequencies within the 0.3-1.1 GHz range. Here we present details of the CW
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mode-locked laser at highest repetition rate of 1.1 GHz (physical setup shown in Fig. 1(b))

achieved with moderate output power levels.

4.5 mm 0.5% OC

E@ %-iR M1

SMD 60 mm 25 mm

N

Fig. 1. (a) Schematic of the double-side single-mode diode-pumped Yb: YLF laser oscillator
used in CW and CW mode-locked experiments. The high reflecting (HR) end mirror is
replaced with the SESAM in mode-locking experiments. (b) Photograph of the z-folded
1.1-GHz repetition rate Yb:YLF laser. The intracavity laser beam path is shown with yellow
solid lines.

The laser cavity consists of two concave dichroic mirrors (M1, M2), Yb:YLF crystal, SESAM
and a focusing mirror (M3) on one arm and the 0.5% output coupler on the other arm. The 10
mm long, Brewster-Brewster a-cut Yb:YLF crystal (5 mm wide, 2 mm thick) has a specified
doping level of 2 mol% and measured passive losses of only 0.06% per cm [62]. The crystal
is mounted in a copper holder (water cooled to 15 °C). In doing so, two thin pieces of indium
foil are placed at the top and bottom faces of the crystal for good thermal contact. The crystal is
placed at Brewster angle to minimize Fresnel reflection losses for pump and lasing beams. The
commercial SESAM (Reflekron, RK177D) has a company specified modulation depth of 1.5%,
a non-saturable loss of around 0.5%, a reflectivity range covering the 1000-1080 nm region,
and a saturation fluence of 35 uJ/cm?. M1 and M2 are dichroic mirrors with high reflectivity
(R>99.95%) in the 1000-1200 nm range and high transmission (R < 0.2%) in the 900-970 nm
range. Since the small footprint cavity limits the use of additional components for dispersion
compensation, M1(RoC =25 mm) and M2(RoC = 38 mm) are specifically designed to provide a
group delay dispersion (GDD) of -200 fs? (+ 125 fs?) per bounce (for 10° angle of incidence)
over the 1015-1090 nm range. M3 (RoC =50 mm) is used to generate a second focus on the
SESAM and it is highly reflective (R > 99.9) in the range 860-1110 nm and has a specified GDD
of -80 fs? (+20 fs?) at zero-degree incidence. Astigmatism originating from intracavity Brewster
element and other curved mirrors is compensated by folding the cavity around M1 and M2 at the
incidence angle of ~25° (ideal value is calculated as 26°). Angle of incidence at M3 is at ~15°.
The laser performance is insensitive to slight variations (+5°) of these incidence angles at M1,
M2, and M3.

By use of two single-emitter, single-mode diodes (SMD) with up to 282 mW power at
450 mA current at 960 nm (Thorlabs L960H1), the Yb:YLF crystal is pumped on both sides
in s-polarization (E//c) [66]. At room-temperature, the absorption cross-section of Yb:YLF
covers the 880-1030 nm range where absorption in E//c is 2-3 fold higher with respect to E//a
with peaks at 960 nm and 994 nm, which justifies the selection of E//c for pumping in this work
[35]. For optimal control and stability of the emission wavelength and output power, pump
laser diodes are mounted on thermoelectrically cooled holders. The diodes are in turn cooled
to 15 °C for increased overlap of emission peak with the 960 nm absorption line to achieve
improved conversion efficiency and low lasing thresholds. The pump beam is first collimated
with an aspheric lens (f=4.5 mm) and then focused by a 60 mm achromatic doublet to an
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estimated beam waist of ~25 um inside the Yb:YLF crystal. With the given pump configuration,
a single pass absorption of more than 90% in the gain medium is estimated [62]. The respective
~130 mm-long standing wave cavity corresponds to the pulse repetition rate of 1.1 GHz in
mode-locked operation. In mode-locking experiments, the cavity was optimized in terms of (i)
fine tuning of net intracavity GDD, (ii) optimization of OC reflectivity, (iii) fine tuning of pump
power and mode area on the gain element and SESAM. The cavity is operated in the negative
dispersion regime with a total GDD of around -500 fs?, and soliton pulse formation is employed
for pulse-shaping [69]. By placing the SESAM at 18 mm distance from M3 (a few mm away
from the position where excessive focusing on the SESAM occurs, which leads to damage of the
SESAM), the intracavity beam is focused to an estimated beam waist of 32 um on the SESAM.

3. Results and discussion

Figure 2(a) shows the laser efficiency curves taken in CW (red markers) and CW mode-locked
(blue markers) regimes, respectively. In CW operation, we have measured a lasing threshold of
around 100 mW and a slope efficiency of 27% with the 0.5% transmitting output coupler. The
laser provided around 90 mW of output power at a total incident pump power of 565 mW. The
roll-over in output power measured at incident pump power exceeding ~430 mW is related with
the spectral shift of the pump diode emission away from the absorption peak of the Yb:YLF
crystal due to heating of the diode. When the HR-mirror is replaced by the SESAM, the lasing
threshold is increased to 170 mW due to the additional losses introduced by the SESAM and
the slope efficiency is reduced to 11%. Stable CW mode-locking (shown with green colored
diamond markers in Fig. 2(a)) is self-starting for pump powers above 550 mW. At this CW
mode-locking threshold, the intracavity pulse fluence on the absorber is estimated to be ~225
uJ/cm? which is around 6.4 times the saturation fluence of the SESAM. At this operating point
full saturation of the SESAM is achieved and the condition for self-starting is satisfied (Eq. (9.3)
in [70]). At the highest incident pump power of 564 mW, the output power in CW ML operation
is 40 mW with a corresponding pulse energy of 36 pJ. At this pump power, the CW mode-locked
laser output with TEMyg beam profile did not show any CW breakthrough, double-pulsing, or
Q-switching instabilities. By use of a higher transmission (Toc) output coupler (i.e., 1%), we
could achieve a higher average output power (~60 mW) in CW mode-locked operation at lower
repetition rates (750 MHz), where cavity arms are lengthened in a symmetrical fashion. For
scaling of the repetition rate above 1 GHz, the critical intracavity pulse energy for stable CW
mode locking could only be achieved by use of Toc < 0.5% which results in lower output power
levels. However, the intracavity average laser power is as high as 8 W, which helps to reduce
quantum limited noise levels of the system. In future studies, using optimized SESAMs with
lower saturation fluence and lower passive intracavity losses, it should be possible to significantly
scale up the average output power demonstrated in this study.

At the total incident pump power of 560 mW, the CW mode locked laser output at 1.1 GHz
is first characterized by measurement of the transverse beam profile at a caustic generated by
focusing the laser output with a 175 mm focal length lens (Fig. 2(b)). Sample beam profiles
measured along the caustic is also shown in Fig. 2(b).

A least squares fit to the measurement data is then performed, and the M? beam quality factor
is determined as 1.03 and 1.15 for the horizontal and vertical axes, respectively. The optical
spectrum (recorded with Ocean Optics HR4000 at 0.27 nm resolution) and auto-correlation
trace (measured with APE, Pulse Check) of CW mode locked laser output with respective
hyperbolic secant (sech?) profile fits are shown in Fig. 3(a) and Fig. 3(b), respectively. The
measured optical spectrum of the CW ML laser output is centered at 1050 nm, and the full width
at half-maximum (FWHM) is 5.6 nm, which corresponds to a Fourier transform-limited pulse
duration of 207 fs (sech’-fitting). The autocorrelation trace in Fig. 3(b) shows a clean pulse
without a pedestal or sub-pulses. Assuming a sech?-pulse profile with a deconvolution factor of
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Fig. 2. (a) Output power versus pump power curves of the Yb:YLF laser operated with HR
(red) or SESAM (blue) as an end mirror for CW and CW mode-locked operation, respectively.
The data is taken using a 0.5% transmitting output coupler. The slope efficiencies are
indicated for each case. (b) Beam quality parameter (MZ) measurement of the Yb:YLF laser
in mode-locked regime for both axes. Inset pictures show beam profiles at selected caustic
positions.

1.54 in the autocorrelation trace, the pulse duration is measured as 210 fs. This corresponds to
a time-bandwidth product is 0.32, which is consistent with the expected soliton pulse shaping
mechanism. The pulse width that is achieved is limited by the dispersion settings of the mirrors
at hand and could ideally be reduced below 50-fs by using customized dispersion mirrors.
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Fig. 3. (a) Normalized optical spectrum of the Yb:YLF laser measured at 40 mW average
output power in CW mode-locked operation. (b) Autocorrelation trace of the 1.1 GHz pulse
train measured at 40 mW average output power.

Figure 4(a) shows the radio frequency (RF) spectra of the mode-locked laser output measured
with a fast photodetector (Thorlabs DETOS8CFC/M, rise time: 70 ps and RF signal analyzer
(Agilent Technologies, N9000A, 9 kHz-3 GHz) with 5.1 kHz resolution bandwidth (RBW). The
noise floor of the detection system is at -70 dB relative to the signal’s maximum located at
1.11 GHz. Figure 4(b) shows the RF spectrum measured over a wider frequency range (0-3 GHz)
with an RBW of 100 kHz which also shows the second harmonic at 2.22 GHz. No side peaks
were detected, demonstrating stable, single spatial mode, mode-locked operation.

We have further characterized the relative intensity noise (RIN) of the CW mode-locked
laser as shown in Fig. 5. The pulse train is detected with a low-noise InGaAs photodetector
(ET-3000) and subsequently amplified with a low-noise trans-impedance amplifier after filtering.
All measurements are taken at a constant RF-power of -10 dBm, corresponding to a shot-noise
limit (SNL) of -142.3 dBc/Hz. The AM-Noise is measured with the signal-source analyzer (SSA,
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Fig. 4. Measured radio frequency spectrum of CW mode-locked output at 1.11 GHz over
(a) narrow and (b) wide frequency span ranges.

Keysight E5S052B) on the first harmonic (~1 GHz) of the Yb: YLF laser, filtered out via a proper
bandpass-filter. The integrated RIN (red line) shown in Fig. 5, shows that the high-frequency
range from 190 Hz-1 MHz contributes negligible noise due to the very long upper state lifetime
of Yb:YLF at ~2ms, which effectively filters out most of the intensity noise for frequencies
>500Hz. We see that, the relaxation oscillations are not visible as they are damped by the
nonlinear loss of the saturable absorber in this stable mode-locked regime [71]. For frequencies
<200 Hz, the laser noise is mostly dominated by mechanical perturbations (i.e. cooling) or power
supply noise. Further reduction of the laser noise may be possible by use of better covers around
the laser and by reducing pump intensity noise (e.g., by powering the diodes with batteries).
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Fig. 5. Measured intensity noise of the cw mode-locked 1.1 GHz Yb:YLF laser. The relative
intensity noise of the laser is measured as 0.42% within a bandwidth from 1 Hz to 1 MHz.

4. Conclusion

In conclusion, we report the first diode-pumped femtosecond Yb:YLF laser operating at GHz
repetition rates. A simple two-sided pumping scheme with low-cost SMDs at 960 nm is used
to generate 210 fs pulses with 40 mW average power at 1.1 GHz repetition rate. Soliton pulse
shaping is implemented by using proper dispersion compensating mirrors creating a small
cavity mode size in a relatively long Yb:YLF crystal (for self-phase modulation and avoiding
Q-switching instabilities). The SESAM mode-locked laser was self-starting and immune to
environmental fluctuations. The integrated RIN up to 1 MHz is only 0.42% without any feedback
stabilization, use of covers around the laser and reduction of pump intensity noise. The output
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power is limited by the available pump power and may be scaled up by use of a more appropriate
SESAM design with lower saturation fluence and passive losses and/or by using more powerful
pumping schemes (i.e., fiber coupled laser diodes).
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