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Abstract

Parametric interaction allows both forward and backward energy transfers among the three interacting waves. The
back-conversion effect is usually detrimental when unidirectional energy transfer is desired. In this theoretical work,
we manifest that the back-conversion effect underpins the direct generation of the picosecond pulse train without
the need for a laser resonator. The research scenario is an optical parametric amplification (OPA) that consists of a
second-order nonlinear medium, a quasi-continuous pump laser and a sinusoidal amplitude-modulated seed signal. The
back-conversion of OPA can transfer the modulation peaks (valleys) of the incident signal into output valleys (peaks),
which inherently induces spectral sidebands. The generation of each sideband is naturally accompanied with a phase
shift of . In the regime of full-back-conversion, the amount and amplitude of the sidebands reach the maximum
simultaneously, and their phase constitutes an arithmetic sequence, leading to the production of a picosecond pulse train.
The generated picosecond pulse train can have an ultrahigh repetition rate of 40 GHz or higher, which may facilitate

ultrafast applications with ultrahigh speed.

Keywords: picosecond pulse train; quadratic parametric process; sideband generation

1. Introduction

An optical modulator controls the light amplitude or
phase through the effects of electro-optics, acoustic-optics,
thermos-optics or optic-optics!'!. Optical modulators have
been vital in optical signal processors, photonic integrated
circuits and fiber optic communication networks’™.
In particular, the combination of an intracavity optical
modulator and a laser resonator has been routinely utilized
for generating mode-locked lasers or optical frequency
combs!'*~13 Intracavity modulation can be achieved by
saturable absorption!', @581 or @1 ponlinear
processes. Regardless of the type of optical modulator, an
optical resonator is indispensable to establish the periodic
feedback of gain/loss. It is a nontrivial task to achieve phase
locking of many longitudinal modes and generate mode-
locked lasers without a laser resonator.

In this paper, we propose a novel category of optical
modulator based on the x® parametric process, and
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theoretically demonstrate that such an optical modulator
enables the direct generation and phase locking of multiple
sidebands without the need for optical resonators. The
optical setup of the proposed optical modulator looks almost
the same as an optical parametric amplifier (OPA), which
does not require any optical components other than a
x® medium (Figure 1(a)). However, its transfer function
is fundamentally different from OPAs. Conventionally,
OPAs are operated in the regime of either small-signal
amplification (where pump depletion is negligible) or
saturated amplification, wherein back-conversion is carefully
avoided”!. In these OPAs, the x® parametric process
cannot expand the signal bandwidth, and the signal
waveform remains almost the same during amplification.
However, in our scheme, the OPAs are deliberately pushed
into the regime of full-back-conversion. It is well known
that for an amplitude-modulated (AM) seed signal, those
modulation peaks with higher amplitude deplete the pump
more quickly, so they switch into back-conversion earlier
than those modulation valleys. We demonstrate that in the
regime of full-back-conversion, the signal waveform Aqy(f)
evolves into exactly the reciprocal of the incident waveform
Ajn(?). In other words, OPA acts as an optical modulator that
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Figure 1. (a) Schematic of a x®-based optical modulator that provides
a reciprocal-type transfer function. It consists of an OPA that is pumped
by a quasi-continuous-wave laser and seeded by an amplitude-modulated
(AM) laser. The output signal waveforms Aoy () calculated for (b) a square-
modulated seed signal A, (7) and for (c) a sinusoidal AM seed signal Aj, (7).
Here, A, and Ay denote the modulation peak and valley of a sinusoidal AM
seed signal.

provides a reciprocal-type transfer function. For a square-
modulated seed signal, such a modulator acts as an optical
inverter, which changes the ‘1’ amplitude levels into ‘0’,
and vice versa (Figure 1(b)). In particular, the reciprocal
of a sinusoidal AM waveform is a train of Lorentz-shaped
pulses, wherein the pulse duration is significantly shorter
than the modulation period of the incident AM waveform.
This link promises to produce a picosecond pulse train
directly from a sinusoidal AM laser without the need for an
optical resonator.

The paper is organized as follows. Section 2 characterizes
how the x® parametric process enables a reciprocal-type
transfer function and how such a transfer function results
in sideband generation in the frequency domain, as well as
how the phase of all the sidebands evolves, which changes
from the disorder state to the phase locking state. Section 3
studies the temporal and spectral characteristics of the output
ultrashort pulse train, as well as their dependencies on the

https://doi.org/10.1017/hpl.2023.14 Published online by Cambridge University Press

W. Wang et al.

parameters of the OPA and sinusoidal AM. Section 4 dis-
cusses the influences of the crystal dispersion and parametric
super-fluorescence (PSF). Section 5 presents the conclusion.

2. Generation and phase locking of sidebands

To demonstrate the sideband generation and phase locking
in the regime of full-back-conversion, we simulate the x®
parametric process within a periodically poled lithium nio-
bate (PPLN) waveguide by solving the coupled-wave equa-
tions!?! under the slowly varying envelope approximation, as
given by the following:

1 7 -
dAs(Z 1) + Z (= l)m (m) a n/;\s(~ ) dr(l:)élgs Ap @z I)A* 1)) e—lAk z
m—

9A; (z, m—1 dmA d _
G ld(zz 1) + Zl (— 21' kl(m) dt(z D IEZZ:;‘AP @ t)A* (zhe lAkz
m=
0Ap(z,0) m—1 0" Ap (2, n_ d(&)
ped | Z O TR As () Ay (2.1 €27,
(1)

where Ag;p, wsip and ng;, are the complex envelops, car-
rier frequency and refractive index of the signal, idler and
pump, respectively, d(z) = =d.¢ is the nonlinear coupling
coefficient of collinear PPLN with collinear geometry, which
changes sign in each quasi-phase matching period””!, Ak =
ky—ks—k; is the wave-vector mismatch and K = 9im /3
refers to the effects of mth-order dispersion. In our simu-
lations, the pump laser adopts a 527 nm pulse of 10 ns in
duration and /I, = 100 MW/cm? in intensity, which is below
the damage threshold of PPLNI?*!, The seed signal adopts a
sinusoidal AM laser of 10 W/cm?, which contains an initial
pair of sidebands at the frequency offset of = = +£40 GHz
with respect to the center frequency line at Ay = 1030 nm.
In the time domain, the seed signal exhibits an amplitude
modulation characterized by a modulation frequency of
2 = 40 GHz and an extinction ratio (ER) of 30 dB. Here, the
ER is defined by the intensity ratio between the modulation
peak and valley. It is a critical parameter that determines how
many sidebands can be produced in our scheme. Nowadays,
commercial electric-optic modulators can easily achieve an
ER of 3040 dBP*. Our scheme does not require a carrier-
envelope stable phase of the pump and signal pulse. For
clarification, the effects of medium dispersion and the super-
fluorescence noise are excluded in this section, and will be
discussed separately in Section 4.

Itis known that in the x® parametric process, the temporal
shape and duration of the signal change significantly upon
back-conversion!®'!, Since the parametric wave-mixing is
instantaneous, each temporal slice of an AM seed signal
amplifies independent of the others and thus experiences a
different regime of gain saturation. The modulation peaks
deplete the pump more quickly than the valleys do. In our
simulated case (Figure 2(a)), the modulation peaks maxi-
mally deplete the pump at a crystal length of L, = 12.8 mm
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Figure 2. (a) Amplitude evolution of the incident modulation peak (solid
line) and valley (dotted line) versus the crystal length. (b) Amplitude
evolution of the first five orders of sidebands A, where n refers to the
order for each sideband.

and then fall into back-conversion, while the valleys take a
longer crystal length of L, = 17.7 mm before switching into
back-conversion. After a certain crystal length, the amplitude
of the incident valleys surpasses that of the incident peaks.
This implies that the incident peaks evolve into valleys, while
the valleys evolve into peaks.

The initial amplitude ratio between the modulation peaks
(Ap) and valleys (Ay) is determined by the ER as A,/A, =
VER. When the incident peaks (valleys) turn into valleys
(peaks), the intensity ratio between the initial peaks and
valleys transfers to the reciprocal of the initial value with a
crystal length of L, < L < 2L, according to Figure 2(a). For
a temporal AM signal, this amplitude relationship indicates
that the output waveform of signal A, (#) would be approxi-
mately the reciprocal of the incident signal waveform A;,(7):

a

AOLI t ~ E)
(O 2

2

where the coefficient a represents the amplitude gain of the
OPA. We define this regime (Ly < L < 2L,) characterized
by such a reciprocal-type transfer function as full-back-
conversion.

For a sinusoidal AM seed signal, the spectral counterpart
of such a reciprocal-type transfer function is the generation
and phase locking of multiple sidebands. Figure 2(b) depicts
the amplitude evolution of each order sideband during the
whole amplification course. The nth-order sideband refers
to the frequency line that has a frequency interval of nQ2
with respect to the signal frequency line. The amplitude has
been normalized to that of the center frequency line. At
the beginning with L < L, there only exists the first-order
sidebands (n = £1) with a constant amplitude. This regime
just corresponds to the amplification regime of conventional
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OPAs, where back-conversion does not occur. This explains
why OPAs have never been used for sideband generation
before our work.

Then at L = L, when the modulation peaks of the signal
turn into back-conversion, the initial pair of sidebands
declines, while the second-order sidebands (n = 42) arise.
Afterwards, higher-order sidebands gradually arise and
quickly grow. We note that in the regime of full-back-
conversion (L, < L < 2L,), both the amount and the
amplitude of the sidebands reach the maximum. Although
it has been long recognized that the temporal shape of the
signal changes significantly upon back-conversion, this is
the first time that the back-conversion effect is deliberately
exploited for sideband generation.

In general, an OPA experiences the regimes of small-signal
amplification, saturated amplification, back-conversion and
full-back-conversion in sequence with the increase of crystal
length. Figure 3 summarizes the spectral characteristics of
the pump, signal and idler in these four regimes, which
demonstrates how the multiple sidebands are induced and
how the phase of all the induced sidebands evolves into
an arithmetic sequence. Essentially, the interacting wave
naturally experiences a phase shift of w or —m during its
annihilation or creation in parametric processes>’. In the
small-signal amplification regime (Figure 3(a)), the pump
keeps a single frequency line with an initial phase of ¢, =0,
while the three frequency lines contained by the sinusoidal
AM seed signal also have an equal phase of ¢, = O.
They induce an idler wave that spontaneously chooses an
initial phase that satisfies ¢; = ¢, — @5 — 7/2 to optimize
signal amplification*®!. So, initially the idler wave has three
frequency lines with an equal phase of ¢; = —m/2.

Then in the regime of saturated amplification (Figure
3(b)), pump depletion becomes significant. Through the
pump depletion, the signal laser imprints its sinusoidal
amplitude modulation onto the pump waveform. As a result,
the pump acquires a pair of sidebands. The new production
of this pair of sidebands is naturally accompanied by a
phase shift of £ with respect to the initial pump phase.
Afterwards, the parametric wave-mixing between the +1st
(—1st) sideband of pump and the —1st (41st) sideband of
idler generates the 4+2nd (—2nd) sideband of signal. This
pair of newly induced signal sidebands also spontaneously
chooses an optimum phase that satisfies ¢, = ¢, — ¢; —
/2. Hence, the phase of +2nd sidebands in the signal
exhibits a phase shift of & with respect to the initial -1st
sidebands. The presence of +2nd sidebands in the signal
wave then induces the production of +2nd sidebands in the
idler wave. After that, the OPA falls into the back-conversion
regime (Figure 3(c)), where laser energy flows back from
the signal and idler to the pump. Thus, the amplitude of
the signal and idler declines, while the amplitude of the
pump reverses to increasing. Nevertheless, the number of
sidebands in the pump, signal and idler further increases due
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Figure 3. (a) The amplitude (vertical lines) and phase (red circles) of each sideband for the pump, idler and signal calculated at various crystal lengths of
(@ L=0,(b)L=L,=12.8 mm, (c) L = 14.5 mm and (d) L = 21.5 mm. The right-hand column presents the corresponding waveforms of the signal (blue

solid line), pump (black solid line) and idler (green dashed line).

to further parametric mixing of multiple frequency lines. The
regime of back-conversion leads to the nonlinear production
of all the sidebands. In particular, in Figure 3(c) the %1st
sidebands bounce into reproduction after an entire back-
conversion, and this reproduction is accompanied by an extra
phase shift of £m. As a result, the +1st sidebands of the
signal now have the same phase as the +-2nd sidebands.
Finally, the full-back-conversion regime is characterized
by the phenomena that the number of signal sidebands
reaches the maximum, and all the sidebands bounce into
reproduction after experiencing an entire back-conversion.
On the one hand, since the reproduction of each sideband
is accompanied by a phase shift of £, the phase of all the
sidebands constitutes an arithmetic sequence in this regime
(Figure 3(d)). The temporal counterpart of such a frequency
comb can be thus qualitatively evaluated as follows:
N
E(1) = Eyexp (iwof) Z explin (7w + Q)]
n=—N

cos (21\/'2_+1 Qt)

COS(%) ’

where wy is the center frequency of signal and 2N refers
to the number of sidebands. This result signifies that an

3)

= Epexp (iwot)
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ultrashort pulse train has been generated. On the other hand,
since all the sidebands have experienced an entire back-
conversion, almost all the energy flows back to the pump,
such that the pump depletion becomes negligible and the
pump almost recovers to a single frequency line, just as
in the small-signal amplification regime. In the right-hand
column of Figure 3(d), we present the temporal waveform
of the output pump, idler and signal in this regime, where
the amplitude modulation on the pump laser (black line)
becomes negligible and the output signal waveform exhibits
an ultrashort pulse train. Except for the signal wave, an idler
wave with the same number of sidebands is also generated.

3. Characterization of the ultrashort pulse train

In the full-back-conversion regime, numerical simulations
show that the amplitude of the output signal is inversely
proportional to the incident amplitude (Figure 4(a)). Con-
sequently, the output signal waveform Aqy(?) fits well with
the reciprocal of the incident signal waveform. With such a
transfer function, a sinusoidal AM seed signal single pulse
with a temporal amplitude as given by

A,+A, A,—A, .
pt + =2 sm(Qt—%)

Ain() = — 5

“)
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Figure 4. (a) The output signal amplitude A, versus incident signal amplitude A;, (blue), which agrees well with a reciprocal-type transfer function (red).
The inset plots the incident (black) and output signal waveform calculated by numerical simulation (blue) and Equation (5) (red). (b) The spectrum of the
output signal (blue) and the fitting based on Equation (10). (c) The number of sidebands (with the relative amplitude >0.1) and the temporal duration of the
output signal against the change of ER. (d) Stability of the output pulse duration and temporal contrast against the change of crystal length.

evolves into the following:

a
Aout(t) = Ap+A Ap—A . ) (5)
4 2 sin (Qr — %)

where the coefficient a links with the amplitude of the output
signal, and is related with the saturated gain provided by
the x® parametric process. With a saturated gain of g, then
the coefficient can be simply expressed by a = g(A,)*. In
Equation (4), t = 0 corresponds to a valley of the incident
signal, while in Equation (5), the point of + = 0 becomes
a modulation peak. Around ¢ = 0, Equation (5) can be
approximated into the following:

4a/A,

Aot () & ——————.
(0 (Q)>+4A, /A,

(6)
Note that such a waveform is highly coincident with that

of a Lorentz-shaped pulse, as follows:

r
t2+1"2.

(7

Q=

ALz () =

Thereby, the temporal duration of the output pulse is
dominated by the parameter I', which in our case is equal
to the following:

A, 2
Q24, QVYER

®)
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The pulse duration at half magnitude can thus be solved as

follows:
T =2\/+v2— 1T~ 1.29T.

The output pulse duration is proportional to the param-
eter I", which is inversely proportional to the modulation
frequency 2 as well as the fourth root of the ER of the
incident sinusoidal AM signal (A,/A, = VER). The limit of
the output pulse duration can be estimated using Equations
(8) and (9). For such a Lorentz-shaped output pulse, the
spectrum can be approximately given by the following:

©))

—T'w|

arz(w) =e (10)

Figure 4(b) shows the spectral amplitude of the output
pulse, wherein the blue solid line presents the result obtained
for numerical simulation, while the red dashed line depicts
the approximate solution calculated based on Equation (10).
The spectrum exhibits exponential decay in the leading and
trailing wings. The good agreement between the numerical
simulation results with Equations (7) and (10) verifies that
an OPA operating in the full-back-conversion regime can
translate a sinusoidal AM laser into a train of Lorentz-shaped
pulses.

A sinusoidal AM seed signal with higher ER induces a
train of pulses with shorter duration. As shown in Figure
4(c), an ER of 30 dB leads to the generation of 12 side-
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GVM;, = 0 (black), 800 fs/mm (blue), 1200 fs/mm (red). Other simulation parameters are set the same as in Figures 3(d) and 4(a).

bands, while an ER of 50 dB leads to 36 sidebands in our
simulated case. The former corresponds to a temporal pulse
duration of 1.8 ps, while the latter corresponds to 0.6 ps.
The temporal duration and the contrast of the output pulses
are stable within the whole regime of full-back-conversion
(i.e., the crystal length range of 19-25 mm), as indicated
by Figure 4(d). In addition, the proposed scheme not only
transforms a sinusoidal AM seed signal into a picosecond
pulse train, but also amplifies the signal in amplitude. In our
case, the output pulse amplitude around ¢# = O has a saturated
gain of approximately 10*. This means that the output pulse
intensity is approximately 10° times stronger than the peak
intensity of the AM seed signal.

4. Practical consideration

OPAs inherently suffer from the PSF noisel’’). Next we
identify the effect of PSF on the generation of the picosecond
pulse train. A zero-mean stochastic phasor with a uncor-
related Gaussian distribution is introduced into the initial
signal wave to mimic the spontaneous parametric down-
conversion noise!”®?’!. The initial energy of the noise field is
assumed to be 40 aJ, as given in Ref. [28]. The simulation
results show that the presence of PSF does imprint some
stochastic amplitude noise onto the output pulse train (Figure
5(a)). However, it has a negligible influence on both the
temporal shape and duration of the output pulses. Given
that the PSF noise has a bandwidth much wider than the
picosecond pulse train, it can be feasibly removed by a
bandpass filter. The red lines in Figures 5(a) and 5(b) depict
the temporal and spectral amplitude of the output picosecond
pulse after bandpass filtering, respectively, which indicates
that the influence of PSF has been overcome.
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Finally, we study the influence of the medium dispersion.
In the context of generating a picosecond pulse train (cor-
responding to a spectral bandwidth of less than 1 THz),
only the first-order dispersion, that is, the group-velocity
mismatch (GVM), needs to be considered. In general, the
GVM between the interacting waves can cause a temporal
shift of the output pulse train. This temporal shift will
degrade the Ap/A, ratio in Equation (6), which thus has the
probability to degrade the temporal duration and contrast of
the output picosecond pulse train. For the GVM between
the signal and idler wave (GVM;), numerical simulations
reveal that as long as the overall temporal shift caused by
GVM;; is less than the output pulse duration, its influence
is negligible. The above simulations, under the assumption
of zero GVM, result in an output pulse duration of 1.8 ps
(Figure 4(a)). Given that a crystal length of L > 20 mm
is required for full-back-conversion, the critical value for
GVM;; is approximately 90 fs/mm. Figure 5(c) plots the
output pulse train calculated with GVM;; = 90 fs/mm, which
exhibits only a temporal shift relative to the ideal condition
with GVM;; = 0. The duration and contrast of each pulse
are nearly unchanged. When we purposely increase GVMg;
to 500 fs/mm, the pulse duration increases from 1.8 to
3.3 ps, and the pulse contrast dramatically degrades from
30 to 13.5 dB. Practically, the GVM;; in PPLN crystal is
only 20 fs/mm, which is much less than the critical value
of 90 fs/mm, indicating that the influence of GVMj; is
negligible.

Since the pump laser is initially a quasi-continuous-wave,
the effect of the GVM between the pump and signal (GVM;,)
is much less important compared with GVM;. In our sim-
ulated case, GVM, (= 800 fs/mm) only causes a very
small temporal shift of the output pulse train, as shown in
Figure 5(d). Even when we increase GVM;, to 1200 fs/mm
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purposely, the duration of each pulse does not change, and
only the pulse contrast falls into degradation.

The above practical considerations show that the pro-
duction of an ultrashort pulse train from parametric wave-
mixing prefers a sinusoidal AM seed signal with a high
ER and a nonlinear medium with small dispersion GVMg;
and high nonlinear coefficient dq¢r. A high degr is desirable
because large nonlinear length (proportional to de as well
as the crystal length L) is indispensable to transfer an AM
signal of high ER into the full-back-conversion regime. If
a nonlinear medium with small d.¢ is used, a large crystal
length becomes necessary to reach full-back-conversion,
which increases the PSF as well as the temporal walk off
between the signal and idler, thereby degrading the temporal
contrast of the output ultrashort pulse train.

5. Conclusion

In conclusion, we propose a x®-based optical modulator
that provides a reciprocal-type transfer function, and further
demonstrate that such an optical modulator can directly
transfer a sinusoidal AM laser into a train of Lorentz-shaped
picosecond pulses, without the need for optical resonators.
Being different from conventional x® parametric processes,
the back-conversion effect that is carefully avoided in previ-
ous applications is exploited in our scheme. It is the strong
nonlinearity inherent to back-conversion that induces mul-
tiple sideband generation and finally enables a reciprocal-
type transfer function. Meanwhile, the inherent phase shift
of m that accompanies photon annihilation or creation in
parametric processes plays an important role in driving all
the induced sidebands into phase locking.

Compared to traditional mode-locking techniques, our
proposed scheme for producing ultrashort pulse train does
not require optical resonators. Thus, it does not require
complex alignment and promises a higher pulse repetition
rate. The repetition rate of the output picosecond pulse train
is exactly equal to the modulation frequency of the AM seed
signal. It has been reported that a sinusoidal AM signal
with a modulation frequency of THz can be produced by
the optical beat between two narrow frequency lines™’!. The
combination of such a THz modulation and our proposed
scheme promises the generation of an ultrashort pulse train
with a repetition rate as high as THz, which is impossible
by mode-locked laser techniques so far. Another difference
is the temporal and spectral characteristics of the output
pulses. The pulses produced by our proposed scheme are
Lorentz-shaped in the time domain, and the frequency combs
contained in the spectrum exhibit exponential decay in two
wings. The phase of all the frequency combs constitutes an
arithmetic sequence with a phase shift of = between adjacent
combs.

Such a high-speed ultrashort pulse train has implications
for the efficient generation of multi-cycle THz waves!'!.
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Previously, THz modulations were produced by optical beat-
ing among multiple frequency lines or chirped pulses with
various delays”*?>~**, which were not so stable and difficult
to adjust. By comparison, our scheme only requires one
single-stage OPA, and thus is much more compact, stable
and tunable. In addition, the generation of a picosecond
pulse train at signal wavelength is naturally accompanied
by the production of another picosecond pulse train at idler
wavelength. This implies the potential to directly produce a
powerful picosecond pulse train at THz repetition rate in the
mid-infrared spectral range.
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