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Abstract: We propose a passively mode-locked fiber optical parametric oscillator assisted
with optical time-stretch. Thanks to the lately developed optical time-stretch technique, the
onset oscillating spectral components can be temporally dispersed across the pump envelope
and further compete for the parametric gain with the other parts of onset oscillating sidebands
within the pump envelope. By matching the amount of dispersion in optical time-stretch with
the pulse width of the quasi-CW pump and oscillating one of the parametric sidebands inside
the fiber cavity, we numerically show that the fiber parametric oscillator can be operated in a
single pulse regime. By varying the amount of the intracavity dispersion, we further verify
that the origin of this single pulse mode-locking regime is due to the optical pulse stretching
and compression.
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1. Introduction

Parametric amplification in optical fibers is a nonlinear process which converts a strong pump
laser into a small signal [1]. During the parametric amplification process, the wavelengths of
the pump and signal must fulfill the phase-matched condition which is determined by the
balance between dispersion and nonlinearity in the parametric gain fiber to maximize the
energy conversion, and it is different from the other conventional fiber optical amplifiers,
such as Erbium-doped fiber amplifier and Raman amplifier [2]. Essentially, this implies that
the parametric gain can be tailored to any wavelength region by choosing a fiber with an
appropriated dispersion as well as a proper pump wavelength. Thus, wide tunability can be
easily achieved by tuning the wavelength of the pump laser near the zero-dispersion-
wavelength of the parametric gain fiber. This wide tunable gain has been well demonstrated
in fiber optical parametric oscillators (FOPOs), and a gain bandwidth of over 240 nm can be
obtained by using a continuous-wave (CW) pumping scheme [3]. Thanks to the adjustable
parametric gain of the parametric process and the development of the highly nonlinear fibers,
many FOPOs have been demonstrated over various wavelength regions to provide extremely
high output power with high conversion efficiency [4-6]. Notably, the oscillation of the
signal inside the cavity is initiated from quantum noise, and the incoherence of the noise will
be inherited by the oscillating signal [7, 8]. As a result, people have endeavored for
developing highly coherent output from FOPOs, such as generating a single longitudinal
mode inside a FOPO [9]. On the other hand, mode-locking the oscillating signal has also been
demonstrated to generate short pulses in FOPOs using the active mode-locking technique in
which the oscillating signal is synchronously modulated to match the cavity length of the
FOPOs [10, 11]. Although the ultrashort pulses generated from FOPOs have been
demonstrated using an ultrashort pulse as the pump, this type of ultrashort pulse generation
can only be considered as inheriting the small temporal envelope of the pump in which the
parametric gain is confined [12-15]. Essentially, there is no mode-locking mechanism which
enforces the phases between the oscillating longitudinal modes in this type of ultrashort
pulsed pump FOPOs. Moreover, the tunability of the FOPO is inevitably limited by the
temporal walk-off between the ultrashort pump pulse and oscillating sideband. To this end, a
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CW or quasi-CW pump needs to be considered when implementing a true passively mode-
locked FOPO. Especially, using a CW or quasi-CW pump can further reduce the complexity
when designing the pumping scheme of a FOPO.

In this work, we initially address the difficulty of implementing a passively mode-locked
FOPO by comparing it with the conventional fiber mode-locked laser using the space-time
analogy. After introducing the time-stretch into the optical cavity, which in practice is to
manage the dispersion arrangement of the cavity, we numerically show that using a
conventional saturable absorber acting as a temporal Kerr lens pinhole, and it is feasible to
generate an ultrashort pulse via the passive mode-locking in a FOPO. By adjusting the
amount of dispersion in the oscillating cavity, we show that the passively mode-locked FOPO
can be operated in either a single pulse or multiple pulses regime. Finally, we interpret the
output temporal and spectral profiles of this the passively mode-locked FOPO as a result of a
direct mapping of the pump temporal intensity profile.

2. Theory

We consider implementing the passive mode-locking in a singly resonant FOPO in which one
of the parametric sidebands is circulating inside the FOPO feedback loop cavity, as shown in
Fig. 1. For the sake of simplicity, we only consider the scalar parametric process and assume
that all optical fields inside the FOPO are co-linearly polarized, and we neglect the vector
parametric process as well. We also omit the Raman effect inside the parametric gain fiber
and only consider the pure Kerr effect as the origin of the parametric gain by considering the
frequency detuning of the sidebands being relatively far away from the Raman gain peak. The
following part of this section will describe in details how the operating conditions of each
component of the FOPO to achieve the passive mode-locking.

parametric
quasi-CW gain fiber JL
pump y > I{ pump and idler

" >

IL
CIR
K pulse / pulse (/
stretch COMpress
BPF

output + SESAM

Fig. 1. A generic setup of a passively mode-lock fiber parametric laser. DM: dichroic mirror,
BPF: band pass filter, CIR: circulator, SESAM: semiconductor saturable absorber mirror.

2.1 Quasi-CW pump and parametric gain fiber

The quasi-CW pump is generated by intensity-modulating a monochromatic CW pump into a
square pulse with a pulse width in the order of the nanosecond. Within the range of this pulse
width, it is sufficient to claim that the pump used in the parametric process is a quasi-CW
pump. In practice, this can be simply achieved with an intensity modulator, and the peak
power of the modulated pulse can be boosted up by amplifying with a rare earth doped fiber
amplifier. The pump only propagates inside the parametric gain fiber and exits the cavity at
the end of the parametric gain fiber. The selection of the pump wavelength is realized by
using a pair of dichroic mirrors (DMs), which also minimize the overall cavity loss of the
oscillating sideband. And the noise with the phase-matched frequency will experience
parametric gain and grow exponentially within the pump envelope. However, since the
parametric process is an energy conversion process, the maximum power that can be obtained
by the two sidebands is limited by the total power of the pump and the phase mismatch. At
the phase-matched frequency, the maximum conversion efficiency from the pump to each
sideband is 20% [16].

2.2 Intracavity filtering

For a singly resonant FOPO, a wide-band tunable intracavity filter is commonly used to select
the central wavelength and the bandwidth of the oscillating sideband. The intracavity filtering
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has several purposes: (i) Since the parametric process is a frequency-sensitive process, the
power conversion efficiency from the pump to the sidebands will strongly depend on the
phase mismatch between the pump and the sidebands. This can be adjusted by selecting the
gain region within the parametric gain sidelobes. (i) The pulse width of the oscillating
sideband after the optical time-stretch process depends on the amount of dispersion in the
oscillating cavity as well as the spectral width which needs to satisfy the condition related to
the amount of dispersion in order to operate the FOPO in a single pulse regime. We will
discuss in details the relationship between the mode-locked spectral width and the amount of
dispersion in the time-stretch process in the later subsections.

2.3 Saturable absorber

The passive mode-locking process in this parametric oscillator is realized by using a
semiconductor saturable absorber mirror (SESAM) which is commonly used in the other rare
earth doped fiber mode-locked lasers and Q-switch lasers [17-19]. The rate of reflection of
the SESAM can be simply modeled as

@
1+P/P

sat

o)

where « is the linear absorption of the SESAM, P is the instantaneous power of the optical
field, and Ps4 is the saturable power of the SESAM. Although artificial saturable absorbers,
e.g., nonlinear polarization rotation and fiber loop mirror can result in the similar effect in
shaping the oscillating sideband in the cavity, the cavity length or the dispersion profile of the
cavity won’t be modified by the SESAM. Primarily, the key point of the mode-locking in this
work lies on the pulse stretching and compression inside the cavity. Thus, unless specified we
only consider using the SESAM as the mode-locking element in this paper.

2.4 Pulse stretching and compressing

Note that the parametric process is an energy conversion process, so that the maximum power
of the sideband cannot exceed the power of the pump. Once the conversion efficiency reaches
the maximum, the sidebands start to transfer the power back to the pump. This is in contrast
to the gain process in the rare earth doped fibers which has a long upper-state lifetime, and it
allows the intracavity field to accumulate sufficient energy before returning to the ground
state. Thus, to efficiently harvest the energy from the pump without further recurrence, we
adopt the chirped-pulse-amplification technique which has been commonly used in short
pulse amplification to our passively mode-locked FOPO [20]. As shown in Fig. 1, the scheme
we proposed is to time-stretch the oscillating pulse before the parametric gain fiber. The pulse
needs to be greatly stretched to match the pulse envelope of the modulated pump as

Dtotal : AQ ~ Tpump’ (2)

where AQ is the spectral width of the oscillating sideband which is set by the intracavity
filtering, zoump is the pulse width of the intensity modulated pump, and Dyoal is the dispersion
coefficient of the dispersive element. The dispersive component that we use to accomplish the
time-stretch process is named as free-space angularly chirp-enhanced delay cavity (FACED)
[21]. There are two reasons why this device is chosen for the time-stretch process: (i) the
amount of dispersion induced by a FACED is configurable such that the pulse width of
oscillating sideband after the time-stretch process can be matched with the pulse width of the
pump as described in Eq. (2) above. Later we will discuss the effect of the amount of
dispersion on the stability of the mode-locking process. (ii) The optical path length to induce
such a large amount of dispersion using a FACED is extremely small comparing to the length
of using other time-stretching technique, e.qg., fiber dispersion. Thus, using a FACED as the
dispersive element effectively reduces the overall length of the cavity as well as the
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detrimental nonlinear effects, and it allows the mode-locked pulse to operate in a more stable
regime. After going through the parametric gain fiber, the oscillating sideband will be
compressed by another FACED with the same amount of dispersion but with opposite sign
before the SESAM. Thus, those oscillating spectral components with proper phases, i.e.,
maximizing the peak power after the compression, will be automatically selected by the
SESAM and become dominated in the following oscillations.

2.5 Space-time analogy

To further illustrate the underlining mechanisms between the fiber mode-locked rare-earth-
doped fibers and the passively mode-locked FOPO, we depict their corresponding space-time
diagrams in Fig. 2. The oscillating process of the intracavity pulse can be simplified as a
periodic propagation over a same round trip cavity, and the axis is the propagation
time/distance. We first note that the parametric process in optical fibers is an instantaneous
process, which implies that the onset oscillating sideband will experience extremely short
“upper-state” lifetime time in the parametric gain fibers when comparing with that in the rare
earth doped gain fibers [22, 23]. Thus the noises in the parametric gain fiber are essentially
stationary with respect to the group velocity frame of the pump envelope of FOPQOs, and they
experience equal amounts of parametric gain. The oscillation will reach the equilibrium once
the oscillating noises reach the saturation power which is set by the pump power and the
phase-matched condition [16]. In order to generate a short pulse in a FOPO, it is necessary to
require the pump to be a high peak power ultrashort pulse as used in those pulsed pump
FOPOs which were mentioned in the introduction. In contrast, in the rare earth doped fiber
the onset noise with the correct phases will dominate and harvest the entire gain as the long
lifetime allows the “propagating” pulse to be continuously amplified without competing with
other noise as shown in Fig. 2(a).

‘ . l Fourier
| i | time domain
I (a) = I (b) =
| | I I i, : 1
- A .
| | T 7 . ™
temgoral compress temgoral stretch
1 pinhole rare earth doped fiber I I pinhole H 1
1 1 1 i — 1
periodic propagation time periodic propagation time iparametric
boundary I boundary - gain fiber

Fig. 2. Space-time analogy of passively mode-locked lasers with a rare earth doped gain fiber
(a) and a parametric gain fiber (b).

To overcome the gain constraint in the parametric process in optical fibers, we here
introduce the optical time-stretch technique into the optical cavity before and after the mode-
locked element, i.e., temporal pinhole, as shown in Fig. 2(b). In the space-time duality, the
optical time-stretch process of an optical pulse is analog to the paraxial diffraction from a
spatial pinhole [24]. Providing that the propagation distance is sufficiently large, the far-field
diffraction pattern will become the Fourier transform of the optical field after the pinhole.
Meanwhile, the mode-locked element used in the passive mode-locking are analog to the Kerr
lensing used in the free-space mode-locked lasers in which the transmission of the oscillating
pulse becomes nonlinear when the pulse energy is sufficiently high [25]. The spectral gain is
analog to the aperture size of the gain medium at the far-field diffraction. Here we would like
to point out that the same amount of dispersion with opposite sign induced by the FACED is
equivalent to propagate the phase conjugated far-field. In this case, the pinhole is again to
select the spectral components with the appropriate phases while the diffracting and reversed
diffracting processes are respectively, to spread out the spectral components across the entire
parametric gain medium, and to reverse the spreading for a high intensity before Kerr lensing.
Thus, the spreading of the spectral components effectively lowers the saturation power of the
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pump and further allows the “stationary” noise to spread and compete with other parts of the
noise under the pump envelope.

3. Numerical simulations

To demonstrate the performance of our proposed fiber parametric mode-locked laser, we
numerically simulate the evolution of the optical pulse using the nonlinear Schrodinger
equation. The integration of the optical field is computed using the split-step method [1]. We
consider a quasi-CW pump with a square pulse width of 1 ns and a peak power of 6 W. The
parametric gain fiber is a 50 m-long highly nonlinear fiber with a nonlinear coefficient of y =
10 W-Ykm, and the dispersion coefficients at the central frequency are > = —0.1 ps?/km, B3 =
0.15 ps¥km, By = —7.1 x 10 psi/km. The frequency detuning of corresponding phase-
matched sidebands is 4.4 THz at the peak pump power of 6 W. The linear absorption
coefficient and the saturable power of the SESAM are set to a = 0.9 and Psy = 1000 W,
respectively. Excluding the loss from the SESAM, the rest of the intracavity loss for the
oscillating sideband is set to 50%. The intracavity filter is centered at the phase-matched
frequency with an FWHM of 0.5 THz. As described by Eq. (2), the stretched pulse width of
the oscillating sideband before the parametric gain fiber is determined by its spectral width
and the amount of the dispersion induced by the FACED. The amount of dispersion induced
by the FACED before the parametric gain fiber is initially set to 318 ps2. Owning to the large
dispersion from FACEDs, the amount of dispersion is equivalent to the dispersion from a
length of 16 km of single mode fiber (SMF) with a second-order dispersion coefficient of 20
ps?/km. The FACED after the parametric gain fiber is set to the same amount of dispersion
but with an opposite sign to recompress the stretched pulse.
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Fig. 3. Temporal evolution of intracavity pulses, with various amount of dispersion induced by
the FACED cavity (a) 318 ps?, (b) 127 ps?, (c) 64 ps?, and (d) no dispersion arrangement. (€) is
the pulse energy and the conversion efficiency from the pump to mode-locked sideband as a
function of round trip number in the single pulse regime.
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3.1 Result

We plot the temporal evolutions of the oscillating sideband as a function of the round trip
number in Figs. 3(a)-3(d) with various amounts of dispersion as well as no dispersion
introduced in the oscillating cavity, respectively. As shown in Fig. 3(a), a single pulse is
generated from the noise level, and its power grows up significantly around 50 round trips,
with a saturated peak power of 890 W. When comparing with the other cases shown in Figs.
3(b) and 3(c) in which the insufficient amounts of dispersion are provided before and after the
parametric gain fiber, mode-locked pulses become unstable with much lower peak power and
go into a multiple pulses regime. Note that the amount of dispersion in Figs. 3(b) and 3(c) are
chosen to be 40% and 20% respectively of the amount of dispersion to perform a fully
stretched and compressed as of in Fig. 3(a). As a result, the number of subpulses in the
unstable multiple pulses regimes is approximately equal to the reciprocal of these fraction
numbers. This can be explained by the fact that for a perfect single pulse, all spectral
components before entering the parametric gain fiber need to be distributed across the entire
envelope of the pump via the pulse stretching, and the power of each spectral component can
reach equilibrium when oscillating inside the cavity. However, when the dispersion is
insufficient such that the spectral components cannot be distributed across the entire pump
envelope, the noise that is phase-matched with the pump but beyond the initially oscillating
spectral components can also start building up the power and oscillating, and they become the
subpulses under the pump envelope. For the case without any dispersion arrangement shown
in Fig. 3(d), the sideband only duplicates the envelope of the pump pulse with the maximum
conversion efficiency of 20% at the phase-matched frequency. Figure 3(e) shows the pulse
energy and the conversion efficiency from the pump to the oscillating sideband of the single
pulse regime. Note that while the pulse energy in the multiple pulses regime is too
complicated to estimate, the total conversion efficiency in the multiple pulses regime is
identical to that in the single pulse regime. The amount of the intracavity dispersion
effectively modifies the energy distribution of the optical field while it does not affect the
conversion efficiency of the oscillator.
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Fig. 4. (a) and (b) are, respectively the temporal and spectral intensity/phase of the intracavity
pulse. The solid curves are the simulated temporal and spectral intensity, and the dashed-dot
curve in (a) is the theoretical sinc function profile. Dashed curves are the corresponding
temporal and spectral phase. (c) is the overall spectral evolution of the oscillator. (d) is the
close-up view of the spectral evolution of the intracavity mode-locked sideband indicated by
the squared box in (c).
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We now further analyze the pulse profile from the single pulse regime. We plot in Figs.
4(a) and 4(b) respectively, the temporal and spectral intensity profiles in log scale and the
corresponding phase when the single pulse regime reaches the stable state. The temporal
intensity plotted as the solid curve in Fig. 4(a) resembles closely a sinc function profile
comparing with the theoretical fitting of the dashed-dot curve, with an almost flat chirp
(dashed curve) across the main pulse; while the spectral profile in Fig. 4(b) is nearly a flat top
rectangular shape which is corresponding to Fourier transform of the sinc function. The
FWHM of the temporal pulse width is 1.6 ps, and the spectral width is set by the intracavity
filter which is 0.5 THz. The time-bandwidth product (TBP) of the sinc function pulse is 0.8,
while the theoretical TBP of the sinc function pulse can be readily determined and is equal to
0.89, indicating that the single pulse after mode-locking the FOPO is a nearly transform-
limited pulse. The physical mechanism of generating such a sinc pulse can be interpreted as
that the spectral components are mapped into the temporal domain through the time-stretch
process and evenly distributed within the pump envelope. The time-stretch process here is
effectively the dispersive Fourier transform process, and the spectrum of the mode-locking
pulse is being amplified and duplicating the temporal profile of the pump whose power is
being converted into the power of these spectral components [26]. We would like to point out
that the scheme of generating the sinc function pulse proposed in this work can significantly
reduce the complexity of the recently developed Nyquist-sinc pulse generation [27]. We
further observe the intracavity spectral evolution of the single pulse mode-locking as shown
in Figs. 4(c) and 4(d). Figure 4(c) shows the sidebands generation process at the output the
FOPO and the power of the sidebands have grown significantly about 50 round trips, and Fig.
4(d) shows the close-up view of the oscillating sideband. After 50 round trips when the pulse
accumulated sufficient energy, the unstable sideband suddenly becomes broadened which
indicates the onset of the mode-locked process and the spectrum eventually becomes a flat top
spectrum.

4. Summary

In summary, we have presented a numerical study of a passively mode-locked fiber optical
parametric oscillator pumped with a quasi-CW pump. We have shown that the amount of
dispersion is critical for efficiently harvesting the parametric gain from the quasi-CW pump.
The operation of the single pulse regime has been demonstrated through the numerical
simulation with the stretched pulse width of the oscillating sideband matched with the pulse
width of the pump. By mismatching the amount of dispersion in the time-stretch/compression,
we have shown that the oscillation can fall into a multiple pulses regime. In the single pulse
regime, the short pulse exhibits a perfect sinc pulse profile which is the result of duplicating
the pump pulse intensity profile at which the spectral components were being amplified
during the time-stretching and compressing processes.
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