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Abstract: We report a multi-watt broadband continuous-wave multi-harmonic optical comb
based on a frequency division-by-three singly-resonant optical parametric oscillator. This
cw optical comb is frequency-stabilized with the help of a beat signal derived from the signal
and frequency-doubled idler waves. The measured frequency fluctuation in one standard
deviation is ~437 kHz. This is comparable to the linewidth of the pump laser which is a
master-oscillator seeded Yb:doped fiber amplifier at ~1064 nm. The measured powers of the
fundamental wave and the harmonic waves up to the 6th harmonic wave are 1.64 W,
0.77 W,3.9W,0.78 W, 0.17 W, and 0.11 W, respectively. The total spectral width covered
by this multi-harmonic comb is ~470 THz. When properly phased, this multi-harmonic
optical comb can be expected to produce by Fourier synthesis a light source consisting of
periodic optical field waveforms that have an envelope full-width at half-maximum of
1.59 fs in each period.
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1. Introduction

The development of ultrafast physics has made tremendous progress in the past decade. This includes
the development of broadband coherent optical sources which are desirable in ultrafast source
development as well as in a wide range of research areas including laser spectroscopy and quantum
optics [1]. While it is possible to produce ultrashort pulses via Fourier waveform synthesizer at optical
frequencies that leads to a periodic train of single-cycle attosecond pulses [2—4], more attention has
been given to isolated pulse generations in the femtosecond and attosecond time domain. This is because
an isolated pulse can be employed readily for experiments in probing the electronic dynamic in atoms
and molecules [5]. The common approaches that have been utilized for generating broadband
multi-octave coherent optical sources include self-phase-modulation/cross phase-modulation of
femtosecond laser pulses in gases and solids [6,7], driving Raman resonances to produce sidebands by
four-wave mixing with nanosecond lasers or femtosecond lasers [8—10], synchronously pumped
femtosecond optical parametric oscillators [11] or supercontinuum seeded optical parametric
amplifiers [12]. A common feature of these approaches is that they use a high power pulsed laser as the
pump source. Although there are impressive demonstrations of using these sources as femtosecond
waveform synthesizers [13,14], stringent requirement on phase stability dictates that the synthesized
waveform easily varies with time unless elaborate feedback control is installed in the system [13].

The opposite extreme to isolated pulses is a continuous train of sub-cycle optical pulses. Since
cw lasers are intrinsicaly more stable and are better managed than pulsed lasers, a train of sub-cycle
pulses at ~100 THz can offer unprecedented precision and accuracy to as much as one part in 10'* in
ultrafast event timing, ranging, quantum control, and for metrologic applications. A Fourier waveform
synthesizer using a phase-locked cw laser has a main attribute that pulsed lasers do not have. It can
maintain highly precise phase and amplitude stability for each comb component to yield waveforms
that are nearly free from waveform variation [3]. A cw periodic waveform can therefore be used to
produce ultra-stable novel shaped field potentials for trapping neutrals and charged particles and study
their short-range dynamical behavior.

There are several new developments toward a broadband coherent optical source for the purpose of
making a cw Fourier waveform synthesizer. A cavity-enhanced molecular modulation scheme has been
demonstrated [15]. The spectral components of the molecular modulator were extended to span from
0.8 pm to 3.2 um via four-wave mixing in a gas medium. A 4-THz cw frequency comb at 1.56 um based
on cascading quadratic nonlinearities has also been realized [16]. Yet the power of the frequency bands
produced in these developments are in the mW level so that their potential applications are limited.
Here we describe an approach that utilizes reliable high power cw fiber lasers. The approach employs
a master-oscillator fiber-laser power amplifier pumped frequency division-by-three parametric
oscillator [17,18] to provide the first three comb components and then adopt quasi-phase-matched (QPM)
nonlinear mixing to generate the next three higher harmonics to give a highly-stable commensurate six
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component cw comb at the watt level. The approach we describe here encompasses advantages of QPM
based parametric oscillators and frequency conversions which are compact and have inherently high
conversion efficiency.

2. Experimental Section

The schematic of our multi-harmonic optical comb is shown in Figure 1. The watt-level frequency
division-by-three singly resonant optical parametric oscillator (SRO) cavity is a bow-tie ring cavity
consisting of two curved mirrors (M1 and M2) with a 100 mm radius of curvature, a flat mirror (M3),
and an output coupler (M4). The OPO crystal is a 5 mol % MgO-doped PPLN crystal (from HC Photonics)
with a length of 40 mm. The total cavity length is 500 mm. The pump, signal, and idler waves are
designed to correspond to the 3rd harmonic wave, the 2nd harmonic wave, and the fundamental wave
of a multi-harmonic optical comb. M1 and M2 have reflectance of <2%, >99.9%, and <5% at the pump,
signal and idler wavelengths, respectively. M3 has reflectance of >99.9% at the signal wavelength.
Output coupler mirror M4 has a 0.6% output coupling at the signal wavelength.

Figure 1. Multi-harmonic optical comb based on a frequency division-by-three singly
resonant optical parametric oscillator. The optical parametric oscillator generates the
fundamental wave (idler), the 2nd harmonic wave (signal), and the 3rd harmonic wave
(pump) of the multi-harmonic optical comb. The 4th harmonic to 6th harmonic are
generated by intracavity second harmonic generation (SHG), external cavity single-pass sum
frequency generation (SFG), and external cavity single-pass SHG, respectively. The idler
(the fundamental wave) SHG and a small portion of the 2nd harmonic wave are combined to
produce an error signal for frequency control by tweaking the cavity length that is based on a
home-made phase detection circuit, a commercial high-speed proportional integrating (PI)
controller (New Focus LB1005) and a high voltage PZT driver (Physik Instruments
E-501.621) shown inside the dashed box.
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The two end faces of the MgO:PPLN crystal are optically polished and antireflection-coated
with <1%, <0.2%, and <5% reflectance at pump, signal, and idler wavelengths. The OPO crystal has a
period of 30.8 um and generates radiation at 1596-nm (signal) and at 3192-nm (idler) at 92.8 °C when
pumped at 1064 nm. The pump laser is a cw linearly polarized, single-frequency Yb-doped fiber laser
amplifier which is seeded by a single-mode mW-level DFB diode laser that has <0.1 MHz linewidth at
1064 nm from IPG Photonics. The pump laser is capable of producing ~15-W power with TEMoo mode
and a M? < 1.05. The cavity is designed to resonate at the signal wave that has a focusing parameter
E=L/bof I (Lis the crystal length and b is the confocal parameter). The pump beam is focused to a beam
waist radius of 60 um to mode-match to the cavity mode of the signal beam. The pump and idler exit the
cavity from M2 and the signal output is at M4. The pump and idler are separated by a dichroic mirror for
their power measurements. The idler wave is immediately focused into a 25 mm long MgO:PPLN
crystal of period 34.25 um for SHG of the idler to produce a beat signal with the signal wave.
The purpose of the beat signal is to lock the length of the SRO cavity. This beat signal which is detected
by a fast photodiode (EOT ET-3010) is sent to a cavity stabilization feedback circuit shown enclosed in
the dash box in Figure 1. Locking the cavity length in turn fixes the wavelength of the signal to one of the
cavity modes. A 250-um thick intracavity fused silica etalon is inserted between M2 and M3 to maintain
single-longitudinal-mode operation at high pump power.

The 4th harmonic to 6th harmonic waves can be generated by either intracavity or external cavity
configurations. Intracavity frequency conversion could provide higher conversion efficiency, but the
dynamic of the SRO cavity becomes more complicated and the cavity mirrors’ coatings are more
susceptible to damage. So only the 4th harmonic comb component is generated by intracavity SHG from
the 2nd harmonic wave (SRO signal wave). The nonlinear crystal for 4th harmonic wave generation is a
20.58 um period MgO:PPLN crystal with a 10-mm length. The 5th and 6th harmonic waves are
generated by single pass sum-frequency generation (SFG) of the 2nd harmonic wave and the 3rd
harmonic wave (SRO signal and pump), and SHG of the 3rd harmonic wave (SRO pump) respectively.
The specifications of these two nonlinear crystals are a 12.05 um period MgO:PPLN crystal with
25 mm in length and a 7.97 um period MgO:PPSLT crystal with 30 mm in length, respectively.

3. Results and Discussion
3.1. Frequency Control of Division-by-Three OPO

When the optical parametric oscillator is operating, the frequencies of signal and idler are 2w + Aw
and o — Aw where Aw is the deviation in frequency from the fundamental (idler) of the exact
division-by-three frequency of the SRO where the pump is at 3w. Ideally Aw is to be equal to zero. For
the SRO, zeroing Aw is done by adjusting the temperature of the gain crystal, the intracavity etalon, and
the length of the cavity. The primary source of non-zero Aw is thermal and mechanical fluctuation of the
SRO cavity length. Therefore it is necessary to track and stabilize the cavity length. Here a cavity
stabilization feedback circuit is introduced to control the free spectral range of the SRO cavity to
eliminate or minimize the frequency deviation. In our experiment, the frequency deviation is deduced
from the interference beat signal between the frequency-doubled idler wave and the signal wave. This
beat signal is equal to {20 + Aw minus 2 x (0 — Aw)} to give 3Aw. According to standard practice in
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cavity stabilization, we give this beat signal an offset frequency Qaom of +54 MHz by passing the SRO
signal beam through an acousto-optic modulator before mixing with the idler’s second harmonic. With
this offset it is then possible to track the deviation Aw on both sides of Aw = 0 readily. The main ICs
employed in our phase detection circuit are two ultrafast comparators (Analog Device AD96685),
one phase discriminator (Analog Device AD9901) and one differential receiver amplifier
(Analog Device AD8130). The error signal from our phase detection circuit is sent into the high-speed
proportional integrating controller. Finally, the PZT driver adjusts a PZT (mounted on M3) in
accordance to output from the proportional controller.

The quality of the stabilization control is monitored by recording the beat signal thus produced using
a radio frequency (RF) spectrum analyzer (Rohde & Schwarz FSL3) with 100 kHz resolution
bandwidth. The frequency of the recorded beat signal is 3Aw + Qaom. Histograms of the recorded
frequency deviation over a 30 min period are shown in Figure 2 with and without cavity stabilization
when the temperature of the OPO crystal was set to 92.8 °C to achieve phase-matching in the frequency
division-by-three cw SRO. Figure 2a shows the frequency deviation, Av = Aw/2z, without cavity
stabilization. The recorded deviation Aw centers at 131.8 MHz with a +£14.7-MHz random drift
(one standard deviation). With the stabilization circuit turned on, the frequency deviation is reduced to
centering at —76 kHz with a £437-kHz random drift. The solid red lines in Figure 2a,b are Gaussian fits
of the distribution indicating that the source of the drifts are randomly distributed. The drift width in
Figure 2b of 437 kHz is comparable to the frequency stability of the seed DFB diode laser of the fiber
amplifier, implying that the seed laser’s drifts may be determining the width of the stabilized source.
This result shows that by locking the seed laser to a stabilized reference-frequency comb linked to a
primary frequency standard Aw can be reduced to less than one Hz and phase-stabilized eventually for
waveform synthesis.

Figure 2. The histograms of frequency deviation from 30-min beat-wave signal recording
by a radio frequency (RF) spectrum analyzer. The solid red line is fitting curve based on
Gaussian distribution (a) without cavity stabilization. The frequency deviation centers at
131.8 MHz with a 14.7-MHz standard deviation; (b) with cavity stabilized feedback circuit
functioning properly. The center is at =76 kHz with a 437-kHz standard deviation.
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3.2. Power of Harmonic Comb Components

For a pump wavelength of 1064 nm, the generated harmonics are at 3192 nm, 1596 nm, 1064 nm,
798 nm, 638.4 nm, and 532 nm. Output power from the SRO and subsequent harmonics produced are
measured with a broadband thermopile detector (Coherent P10). The idler power at 3192 nm is
determined after its transmission through the SHG crystal and a dichroic mirror used to block out the
second harmonic and any residual pump power. The third harmonic (residual pump) is combined with
the second, fourth, fifth and sixth harmonics that are collinear after their generation. A Pellin Broca
prism is used to disperse these harmonics before sending each into the power meter. The harmonics
power is measured as a function of the input pump power. The results are shown in Figure 3.

Figure 3. The measured power of the multi-harmonic optical comb after Pellin Broca prism
and the dichroic mirror after idler SHG in Figure 1. Here, (a) shows the power of the
fundamental wave (idler), the 2nd harmonic wave (signal), the 3rd harmonic wave
(residual pump power), and the 4th harmonic wave which were generated from the
frequency divided-by-three SRO and the intracavity second harmonic generation for the 4th
harmonic wave; (b) shows the power of 5th harmonic wave and the 6th harmonic wave. The
5th harmonic wave and the 6th harmonic wave are generated from single pass sum frequency
generation and second harmonic generation, respectively.
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Figure 3a shows the power of the fundamental wave (idler), the 2nd harmonic wave (signal),
the 3rd harmonic wave (residual pump power), and the 4th harmonic wave in the multi-harmonic optical



Appl. Sci. 2014, 4 521

comb. The SRO’s lasing threshold is at 6 W. This relatively high threshold is because the length of the
SRO nonlinear crystal adopted in this experiment is shorter than used in previous experiments, and the
insertion loss from the etalon and the intracavity SHG crystal. Without these extra optics, the SRO
threshold drops to about 2 W. The maximum fundamental wave (idler), and the 2nd harmonic wave
(signal) power are 1.64 W and 0.77 W, respectively at an input pump power of 14 W. The residual pump
power (the 3rd harmonic wave) at this input is 3.9 W. For an output coupling of 0.6% the estimated
circulating signal power in the cavity is as much as 128 W. This accounts for a respectable cw SHG
conversion of the signal to the 4th harmonic which is measured to be 0.78 W without correcting for
losses. The 5th harmonic and the 6th harmonic are obtained by single pass wavelength mixing.
Figure 3b indicates the maximum powers obtained of the 5th harmonic wave and the 6th harmonic wave
are 166 mW and 114 mW, respectively.

The power achieved for the frequency division-by-three SRO is at least ten times higher than
previously reported in the literature [17]. This is the first time a cw harmonic comb of up to six
harmonics has been reported. The total harmonic comb power of 7.4 W is unprecedented. High cw
power is needed for effective phase and amplitude management of the comb components in waveform
synthesis [19] and its subsequent applications. The multiwatt comb power that has been achieved is
expected to be sufficient for this purpose.

3.3. Simulated Waveform Synthesis with cw Harmonic Comb

The harmonic comb that is reported here has a fundamental wavelength of 3192 nm. The relative
phase relationship of the harmonic comb is critical during waveforms synthesis. A fixed phase
relationship in phase-matched three wave mixing process is ¢« = ¢» + ¢ — /2, where subscripts a, b,
and c represent the identities of the three optical waves [20]. Since all components of the cw harmonic
comb in this work are generated from three wave mixing process; the deduced phase of wn is
¢n =ng1r — (n — 1)n/2, where ¢; = (¢3 + m)/3. In this harmonic comb, the phase of the pump, ¢; is the
only unchangeable parameter in the system. The other components’ phase will follow the phase of
pump based on the deduced relation. By managing the phase and amplitude of each comb component
periodic field waveforms of arbitrary shape could be synthesized. The calculated repetition rate of the
synthesized pulse train with this comb is ~94 THz, and has an equivalent period spacing of 10.6 fs. The
shortest pulse synthesized within each period will be a transform-limited sub-cycle cosine pulse that has
an electric field FWHM of 942 attoseconds. The FWHM of the intensity envelope of this cosine pulse is
1.59 fs. The simulated waveforms, synthesized with the comb produced in this experiment and when the
spectral phases are adjusted to be equal, are plotted and shown as the red curve in Figure 4. By adjusting
the amplitudes of the comb components to be equal, the narrowest pulses obtainable with this comb are
plotted in blue in the figure.

For a comb produced with a perfect divided-by-three cw SRO this pulse train will be continuous.
In reality the SRO is not perfect and there is a frequency deviation Aw as described in Section 3.1 above.
The time duration in which the pulses in the train will remain intact is dependent on this frequency
deviation Aw of the SRO. With Aw at one standard deviation of the present case the period of repetition
of the pattern of synthesized pulses is ~2288 ns, corresponding to the time inverse of Aw of 437 kHz.
Figure 5 shows the evolution of the synthesized waveform at this frequency deviation over a time span of
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3000 ns, clearly indicating the pattern repeats itself every 2288 ns. Allowing for a drop of 10% in the
maximum field strength as the criteria, then according to the numerical simulations, the sub-cycle cosine
electric field maintains its strength for over 376 ns in every cycle. Since this is for a one standard
deviation of the frequency deviation, 86% of the time this waveform has this shape for 376 ns or longer.

Figure 4. Synthesized waveforms calculated for the six component comb obtained in this
experiment (red curve) and for the case where the components are reduced to equal
amplitude (blue curve) for the zero detuning case. This will produce a continuous train of
pulses of the calculated shape shown here.
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Figure 5. Numerical simulations of a subcycle cosine pulse electric field generated by this
multi-harmonic optical comb with a frequency deviation of 437 kHz. The vertical scale is the
time evolution of the pulse train from 0 to 3000 ns. The horizontal scale is the local time of
the waveform displayed for about three cycles. The field pattern shifts with a phase shift of
2n/3 every 1/3 of a period by repeats and replicates itself in approximately 2288 ns which
corresponds to the inverse of the frequency deviation used in the simulation. Normalized
electric field strength shown here is color-coded to assist in recognition of the evolution of
the field pattern as follows: dark red regions represent the value is from 0.8 to 1.0;
orange regions represent the value is from 0.5 to 0.8; green regions represent the value is
from 0.253 to 0.5 and blue regions represent the value is from 0.0 to 0.253.
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We pointed out in Section 3.1 that the residual frequency deviation is due to the drift of the seed laser.
Hence we believe that this duration can be extended to over 1000 ns by actively stabilizing the seed laser
of the pump in this experiment.
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4. Conclusions

We have demonstrated a broadband cw multi-harmonic optical comb based on a frequency
divided-by-three optical parametric oscillator. The frequency deviation is centered at =76 kHz with a
fluctuation of 437-kHz in one standard deviation. According to our numerical simulation, a stable
subcycle cosine electric field pulse can last for more than 376 ns at 437-kHz frequency deviation, which
is two orders of magnitude longer than in any synthesizing schemes that have been reported.
The output powers of the spectral components in this cw optical comb are 1.64 W, 0.77 W,3.9 W, 0.78 W,
0.17 W, and 0.11 W which correspond to the fundamental wave to the 6th harmonics wave. The
bandwidth of this multi-harmonic comb is ~470 THz. The results show that this cw multi-harmonic optical
comb can be a useful light source of a stable optical waveform function generator.
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