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A femtosecond LBO optical parametric oscillator (OPO) with widely adjustable repetition rate by fractionally
decrement of the cavity length is demonstrated. The repetition rate of 755 M[Hz to 1.43 GHz at an interval of
75.5 MHz is realized, which is 10 to 19 times that of the pump laser. The properties of output signal at 750 nm
at different repetition rates are studied. The power of signal decreases with increasing the repetition rate. The
maximum power of 194 mW at the repetition rate of 755 MHz and the minimum power of 22mW at repetition
rate of 1.43 GHz for the signal at 750 nm are obtained for the pump power of 3 W.

PACS: 42.65.Re, 42.60.Fc, 42.55.Xi

Broadly tunable femtosecond laser sources with
repetition-rates up to several GHz have opened impact
applications in the fields of precision spectroscopy,
multi-photon fluorescence microscopy and optical
telecommunications.!' =" Synchronously pumped op-
tical parametric oscillators (SPOPOs) can provide
broadband wavelength range and short laser pulse
duration, and can be locked with low noise level.
In recent years, femtosecond OPOs with GHz mode
spacing have been in demand for some particular ap-
plications such as astronomical spectrograph calibra-
tion, optical arbitrary waveform generation and opti-
cal coherence tomography."~ "] However, generation
of broadband ultrashort laser pulses at high repe-
tition rate of GHz is of challenge, due to the fact
that the peak power of the resonating signal radia-
tion available to drive bandwidth-enhancing x(?) and
x®) nonlinear effects is decreased at higher repetition
rates. At present, Ti:sapphire oscillators at high repe-
tition rates are mature and commercial available, the
tuning range and output power of SPOPOs are lim-
ited by that of Ti:sapphire lasers, especially in the
near-infrared range 1000-2000 nm. For a given pump
source at a low repetition rate, there are two meth-
ods to achieve OPO radiation at a high repetition
rate: the first method is harmonically pumped OPO
(i.e. the cavity length of the OPO is set to be N
times shorter than that of the pump source), so the
repetition rate of OPO is N times of pump source.
In 1997, a harmonically pumped OPO was first re-
ported by Reid et al.l®! The output power of 600 mW
at 344 MHz was achieved, with the repetition rate of
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four times that of the pump laser. In 2000, Phillips et
al. reported a 322-MHz femtosecond OPO pumped by
an 80.5-MHz KLM Ti:sapphire oscillator, the average
output power was 280 mW with the wavelength range
of 1.00-1.14 um.l! Tn 2002, Jiang et al. reported a 1-
GHz femtosecond OPO harmonically pumped by an
84-MHz Ti:sapphire oscillator.l'”! Several years later,
Balskus et al. demonstrated the first femtosecond
OPO frequency comb harmonically pumped by a 333-
MHz Ti:sapphire oscillator, in which a stabilized sig-
nal comb at 1-GHz mode spacing was realized.'']
However, due to the configuration of OPOs, length
of an OPO cavity cannot be shortened infinitely. The
second method is fractionally declining or increasing
the length of the OPO cavity. When the cavity length
of the OPO (Lopo) and pump source (Lpymp) satisfy
the equation M X Lopo = N X Lpymp (M =1, 2,
3,..; N=1,2,3,...), the OPO at a repetition rate of
MFpump (Fpump is the repetition rate of the pump
laser) will be realized.['”l This method could get a
high-repetition-rate OPO radiation based on a normal
configuration of cavity. In 2002, fractionally increment
of the OPO cavity length was first reported by Jiang
et al.,l'” and the output power of 80 mW at 240 MHz,
which was three times that of pump laser, was realized.
In the next year, they reported a 400 MHz OPO using
a PPLN crystal, with repetition rate of four times of
the pump source and the maximum signal power of
65mW.I'" In 2009, Kokabee et al. reported a 1 GHz
OPO pumped by a 76 MHz Ti:sapphire oscillator with
repetition rate of 14th harmonic of the pump laser.['"]
For all the above-mentioned results, the Ti:sapphire
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oscillators were employed as pump lasers, the output
power was limited to hundreds of mW, and the tunable
wavelength range was limited to 1.1-1.6 um. With
the development of ytterbium-doped (Yb-doped) fiber
and solid-state oscillators, high power femtosecond
YD oscillators are a kind of very good candidates for
pumping SPOPOs.['~2] In 2016, we have demon-
strated a high-repetition-rate OPO pumped by a fun-
damental frequency Yb:KGW fs laser. The repetition
rate of 37.3 GHz was achieved by fractionally increas-
ing the length of OPO cavity. The output power was
90 mW under 2W pump power.!'? Nevertheless, high
repetition rate OPO pumped by green laser is less re-
ported. In a case of several hundreds of MHz up to
a few GHz, high efficiency conversion compensates for
the large cavity loss of the resonating signal radia-
tion, which is favorable to improve repetition rate of
a green pumped femtosecond OPO without sacrificing
other parameters such as pulse duration or stability.

In this Letter, we demonstrate a GHz femtosecond
LBO OPO system synchronously pumped by a fem-
tosecond 515 nm laser. By decreasing the cavity length
of AL = Lpymp/10, the signal repetition of 755 MHz
is achieved. Using a 5-mm-long LBO as the nonlin-
ear crystal, the maximum signal power of the OPO
is 194 mW at the central wavelength of 750 nm, corre-
sponding to a pump to signal conversion efficiency of
6.5%. The signal pulse duration of 159 fs is measured
at 750nm. The signal powers have rms fluctuations
of less than 1.6% over 30 min and the M? factors in
the horizontal and vertical directions are 1.281 and
1.168, respectively. The signal repetition rate as high
as 1.43 GHz is also achieved by decreasing the OPO
cavity length of AL = Lpynp/19.

HR2
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Fig.1l. Schematic of high-repetition-rate femtosecond
OPO. HWP: half wave plate; PBS: polarizing beam split-
ter; DM1, DM2: dichroic mirror; L1: lens; CM1, CM2:
concave spherical mirrors; HR1-HR5: plane mirrors; OC:
1% output coupler.

The experimental setup is shown in Fig.1. The
515nm pump source is generated from a frequency-
doubled mode-locked Yb:KGW laser (Light Conver-
sion, FLINT6.0) in a 2.5-mm-long LBO crystal. The
repetition rate of 515 nm laser is 75.5 MHz with power
of 3W. A half wave plate (HWP) and a polarizing
beam splitter (PBS) are employed as a variable at-
tenuator to change the power of the 515nm pump
laser.”'] The pump laser is focused into the LBO crys-
tal by a focal lens L1 with focal length of 100 mm.

The configuration of the OPO is a Z-type cavity which
consists of two concave mirrors (CM1 and CM2) with
curvature radius of 100 mm, five plane mirrors (HR1-
HR5), and an output coupler (OC). All mirrors are
coated with high reflectivity for the signal in the range
of 650-1020 nm. The concave mirrors CM1 and CM2
are also coated with high transmission (7' > 99.9%)
for the pump source at 488-532 nm. To overcome large
cavity loss of signal pulses, an OC with 1% transmis-
sion is used to increase power density inside the cav-
ity. The OC is mounted on a translation stage, which
can be used to finely control the length of the cavity
to achieve synchronization with the pump pulse. A 5-
mm-long LBO is used as the nonlinear crystal, which is
cut at = 90°, ¢ = 11.6° for type-I(e — 0+ 0) phase-
matching condition in the X—Y plane, and coated with
antireflection in wavelength ranges of 510-530 nm and
650-1050 nm. The beam waist radius of signal is about
17 pm in the LBO crystal, which is almost equal to
that of the pump source.
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Fig. 2. (a) Signal output spectrum tunable by tuning the
cavity length and rotating LBO crystal. (b) Signal beam
pointing stability.
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Fig.3. (a) Typical intensity autocorrelation trace and

spectrum at 750 nm. (b) Spatial profile of the signal beam.
The OPO works at 75.5 MHz, which is the same as

124206-2


Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

http://cpl.iphy.ac.cn

CHIN.PHYS.LETT. Vol.36, No. 12 (2019) 124206

that of the pump laser with cavity length of 1986 mm.
The output signal is tuned from 650 nm to 1000 nm by
optimization of the OPO cavity length and rotating
the LBO phase matching angle, as shown in Fig. 2(a).
In 5min, the beam pointing stability of the output
laser is also measured. As shown in Fig.2(b), the
maximum deviation is 8.5 um, which corresponds to
the maximum angle jitter of 28.3 urad. We can ob-
tain a much better beam pointing stability if we use
fixed mirror mounts and active feedback loop to con-
trol the cavity. By decreasing the OPO cavity length
of AL = Lpymp/10, i.e. 19.8 cm, the signal repetition
rate of 755 MHz is achieved. With 3 W pump power,
the maximum output power is 194mW at 750 nm,
which corresponds to the pump-to-signal conversion
efficiency of 6.5%. The pump threshold of the OPO
at 755 MHz was increased to 1.5 W due to the incre-
mental loss of multiple cavity round trips. The in-
tensity autocorrelation trace is 224fs at 750nm, as
shown in Fig. 3(a). Assuming a Gaussian pulse shape,
the pulse duration is calculated to be 159 fs, which is
very closed to the transform-limited pulse duration of
123 fs calculated from the measured signal spectrum
as shown in the inset of Fig.3(a). Figure 3(b) shows
the beam quality M? of the output laser measured by
a M? factor meter (Spiricon M2-200s), which exhibits
a Gaussian shape to a good approximation with only
small ellipticity. The M? factors are 1.281 and 1.168
in the horizontal and vertical directions, respectively.
This beam quality is better than that of the output
at 75.5 MHz (usually >1.3). The reason of good beam
quality at higher repetition rate is that the pulses in
the cavity experience more tremendous loss under the
condition of high-repetition-rate operation, and only
the signal with good spatial coupling with the pump
laser in the crystal could be amplified.

The output pulse trains of signal are detected by
a high speed photodiode and a 26 GHz spectrum ana-
lyzer (R&S FSW26). Figure 4(a) shows the 755 MHz
radio-frequency (rf) spectrum with a span of 2 GHz
and span of 100 kHz, respectively. The perfect rf spec-
trum indicates that the cavity length of the OPO is
well matched with that of the pump source. The other
harmonic frequencies besides the 755-MHz repetition
frequency are also detected, due to the periodic modu-
lation of the signals at the repetition rate of 75.5 MHz,
which is equal to that of the pump laser. As shown
in Fig.4(c), the signal pulse trains at the 10th har-
monic of the input repetition rate are detected by a
fast photodiode and recorded by an oscilloscope with
1-GHz bandwidth (DPO5104B, Tektronix). There are
10 progressively increasing signal pulses in one pump
period. This is due to the fact that the prior signal
pulses suffer one more cavity loss in one pump period.
The signal pulse train indicates that the OPO works
with a high stability.

The signal repetition rate from 755MHz to
1.43 GHz at an interval of 75.5 MHz is achieved by de-
creasing the cavity length of AL = Lpyyp/N (N =
10, 11, 12,..., 19). The detailed information of the

12th and 15th harmonic repetition rates is recorded
by an oscilloscope, as shown by Figs.5(b) and 5(c).
We also measure the rf spectrum of the signal pulse
trains at the repetition rate of 1.43 GHz, as shown in
Fig.5(c) .
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Fig. 4. (a) Typical radio-frequency spectrum of 755 MHz
from 0Hz to 2 GHz with 2 MHz resolution. Inset: radio-
frequency spectrum spanning 100kHz with 1kHz reso-
lution. (b) and (c¢) Pulse train of the pump laser and
755 MHz signals.
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Fig.5. Oscilloscope traces of high-repetition-rate sig-

nal pulse train and typical radio-frequency spectrum of
1.43 GHz. (a) Pump laser trace, (b) and (c) 906 MHz and
1.13 GHz, respectively, (d) rf-spectrum of 1.43 GHz sig-
nal with span of 2.4 GHz. Inset: rf-spectrum spanning
100 kHz with resolution of 1kHz.

The pump threshold and output power at different
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repetition rates are investigated as shown in Fig. 6(a).
With the increasing harmonic orders of signal, the sig-
nal power decreases and the pump threshold increases.
This is due to the increment of cavity loss for higher
number of signal round trips in the absence of gain.[*”!
The maximum signal power is 194 mW at 750 nm at
the repetition rate of 755 MHz under 3 W pump power.
The power stability of the signal laser at 750 nm at the
repetition rate of 755 MHz was measured, as shown in
the inset of Fig. 6(a), to be <1.6% average power drift
in 30 min. Using the active feedback control can effec-
tively improve the power stability.
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Fig. 6. (a) GHz OPO output power and pump threshold
versus harmonic number. Inset: the long-term average
power stability of the signal at 755 MHz. (b) Signal spec-
tra tunable just by finely tuning the cavity length near
750 nm: (bl) 755 MHz, (b2) 906 MHz, (b3) 1.05 GHz, (b4)
1.21 GHz, (b5) 1.43 GHz.

Figure 6(b) shows the signal spectrum versus cav-
ity length detuning (ALopo), the regulation of cavity
length leads to signal wavelength shift, which is at-
tributed to positive intra-cavity GDD. When the cav-
ity length increases, the wavelength of signal is shifted
to a longer wavelength to keep to be synchronous with
the pump pulse. Similarly, a shorter signal wavelength
oscillates at a shorter cavity length.[**! By only chang-
ing the OPO cavity length, the signal wavelength can
be tuned from 720 nm to 761 nm at the repetition rate
of 755 MHz, and 665 nm also could be generated due
to the dual wavelength property of the LBO crys-
tal, the signals at 665 nm and 760 nm have the same
phase match angle under 515 nm pump laser. As the
repetition rate increases, the cavity length detuning
(ALopo) is decreased, so the wavelength tuning range

becomes narrower. The signal wavelength will be fixed
by changing the cavity length when the OPO running
at higher than 1.28 GHz i.e. 17th-harmonic of pump
source. It is worth noting that this tunable signal
wavelength is only realized by changing the OPO cav-
ity length, while a larger spectral tunability can be
realized by finely rotation of the LBO crystal angle.

In conclusion, we have demonstrated a femtosec-
ond OPO at repetition rate of GHz pumped by a fem-
tosecond 515nm laser. Fractional decrement of the
OPO cavity length is used to increase the repetition
rate of signal. The repetition rates from 755MHz
to 1.43 GHz at an interval of 75.5 MHz are achieved
at 750nm. The maximum signal power of 194 mW
at the repetition rate of 755 MHz with the minimum
power of 22mW at 1.43 GHz at the same wavelength
of 750 nm are achieved with pump power of 3W. The
pulse duration is 159fs at 750nm at the repetition
rate of 755 MHz, and the stability of signal power is
less than 1.6% in 30 min.
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