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Femtosecond dissipative quadratic
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Abstract

Nonlinear frequency conversion underpins numerous classical and quantum photonics applications but convention-
ally relies on synchronized femtosecond mode-locked lasers and dispersion-engineered enhancement cavities—an
approach that imposes substantial system complexity. To address the challenges, here we report a fundamentally
different paradigm: mode-locking of nonlinear frequency conversion enabled by the physics of dissipative quadratic
soliton (DQS). We present the operating principle of femtosecond DQS mode-locking and experimentally validate it
for the first time in a continuous-wave-pumped doubly resonant second-harmonic generator in free space, yielding
bichromatic frequency combs spanning the visible and near-infrared. The observed DQSs exhibit 3 dB optical band-
widths and transform-limited pulse durations of 1.15 THz and 274 fs for the pump and 1.13 THz and 279 fs for the sec-
ond harmonic. By harnessing phase-matched group-velocity-matched cascaded quadratic nonlinearities, we
demonstrate an in-situ tunable effective Kerr nonlinearity that exceeds the intrinsic material response by over three
orders of magnitude, enabling femtosecond DQS generation in both free-space and chip-scale cavities across nor-
mal and anomalous dispersion regimes. Our results establish a simple, flexible, and scalable approach to nonlinear
frequency conversion without the need for synchronized femtosecond mode-locked lasers and expand the reach

of soliton-based technologies across diverse cavity platforms and a wide range of challenging wavelengths that are
otherwise inaccessible.

1 Introduction
Nonlinear frequency conversion lies at the heart of mod-

(SHG), sum- and difference-frequency generation (SFG
and DFQG), and optical parametric oscillation (OPO),

ern photonics, enabling the generation and manipula-
tion of light at wavelengths inaccessible to conventional
sources [1]. By harnessing quadratic nonlinear opti-
cal interactions such as second-harmonic generation
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researchers have developed highly tunable light sources
critical for applications such as precision metrology, field
manipulation, and ultrafast spectroscopy [2—11]. These
processes in the quantum regime also serve a founda-
tional role in quantum information science, enabling
spectral bridging between disparate systems and facilitat-
ing entanglement distribution across quantum networks
[12-21].

Traditionally, cavity-enhanced nonlinear frequency
conversion has been employed to boost the conversion
efficiency by increasing the effective interaction length
and intracavity power. This is typically achieved using a
dispersion-free resonant cavity synchronously pumped
by a femtosecond mode-locked laser (MLL) [2-11].
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However, the reliance on femtosecond MLL and the need
for precise synchronization electronics introduce sub-
stantial system complexity, increasing the physical foot-
print and raising the overall cost, posing challenges for
widespread adoption.

In this work, we address the challenges of cavity-
enhanced nonlinear frequency conversion by dem-
onstrating a fundamentally different paradigm:
mode-locking of nonlinear frequency conversion ena-
bled by the physics of dissipative quadratic soliton (DQS)
[22-25]. Although DQS was recently demonstrated in
a picosecond synchronously pumped optical paramet-
ric oscillator [25], spontaneous formation of DQS in
continuous-wave (CW) pumped quadratic cavities, i.e.
DQS mode-locking, has remained elusive until now.
Here, we present the operating principle of femtosecond
DQS mode-locking and experimentally validate it for the
first time in a CW-pumped doubly resonant SHG in free
space, yielding bichromatic frequency combs spanning
the visible and near-infrared. The observed DQSs exhibit
3 dB optical bandwidths and transform-limited pulse
durations of 1.15 THz and 274 fs for the pump and 1.13
THz and 279 fs for the second harmonic.

While DQS and parametrically driven dissipative Kerr
soliton (DKS) [26—28] share certain similarities, it is cru-
cial to highlight their fundamentally different mecha-
nisms for balancing dispersion and nonlinearity, as well
as the implications of this distinction. In parametrically
driven DKS, dispersion engineering is employed to cre-
ate anomalous dispersion that balances the intrinsically
positive material Kerr nonlinearity (MKN). In contrast,
DQS relies on an effective Kerr nonlinearity (EKN) aris-
ing from cascaded quadratic processes, which not only
dominates over MKN but also can be readily tuned via
pump detuning (see Results) [24]. The orders-of-mag-
nitude enhancement in EKN enables dissipative soliton
formation in free-space cavities, eliminating the need
for strongly confining platforms, like fibers or micro-
resonators, and offering a system scalable in both power
and energy. Moreover, the dispersive EKN response
dynamically changes, reaching its maximum near zero
pump phase detuning and reverses sign when detun-
ing is tuned across this point (Fig. 2a-c). This tunability
enables EKN to compensate for either normal or anoma-
lous dispersion, offering a wide design space for soliton
formation and an in-situ method for compensating fab-
rication defects. Such nonlinearity engineering provides
enhanced flexibility in choosing the soliton spectral range
and enables the possibility of universal soliton existence.
As a demonstration, our free-space doubly resonant
enhancement cavity (Fig. 1)—which contains no disper-
sion engineering elements and is dominated by the nor-
mal material dispersion of periodically poled lithium
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niobate (PPLN)—successfully generates bichromatic
DQSs (Fig. 4), made possible by the engineered EKN.
Our results establish a new approach for efficient and
broadband nonlinear frequency conversion that elimi-
nates the need for synchronized femtosecond MLLs and
expands the reach of soliton-based technologies across a
wide range of challenging wavelengths that are otherwise
inaccessible. DQS offers a simple, flexible, and scalable
platform for transformative applications in both classical
and quantum photonics [2-21].

2 Results

2.1 Operating principle

Figure 1 illustrates the DQS mode-locking principle
of the CW-pumped doubly resonant SHG. As the CW
pump—corresponding to the fundamental field—accu-
mulates in the cavity, the second-harmonic (SH) field
power increases until it eventually saturates, at which
point back-conversion occurs. This cycle of conversion
and back-conversion initiates a series of cascaded quad-
ratic nonlinear interactions, including SHG, SFG, DFG,
and optical parametric generation (OPG) (top left). Col-
lectively, these processes emulate an effective four-wave
mixing interaction, providing the parametric gain and
nonlinearity necessary for the spontaneous formation of
self-localized DQS (top middle). Notably, in the doubly
resonant cavity, the back-conversion can be triggered by
pump phase detuning, even under perfect phase match-
ing. Such phase-matched cascaded quadratic nonlin-
earities (PM-CQNs) enable more efficient nonlinear
interactions and allow the effective nonlinearity to be
readily controlled through pump phase detuning (top
right). This stands in stark contrast to singly resonant
cavities, where the effective nonlinearity arises from
phase mismatch [24].

Supplementary Information Section II details the
theory of the field evolution in the CW-pumped doubly
resonant cavity enhanced SHG. Under the good cavity
approximation and phase matching condition, the evolu-
tion of the coupled pump and SH fields can be described
by a single mean-field equation of the pump field
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Here t is the “slow time” that describes the envelope
evolution over successive roundtrips, £z is the roundtrip
time, 7 is the “fast time” that depicts the temporal profiles

in the retarded time frame, «; is the total linear cavity
loss for the pump, &; is the pump phase detuning, k7’ is



Musgrave et al. eLight (2026) 6:15 Page 3 of 9
Phase Matched Cascaded Dissipative Quadratic Soliton Tunable Nonlinearity
Quadratic Nonlinearities (PM-
CQN) Dispersion &
\ Loss Pump Phase
e -~ >0 Detunin
SFG & DFG 9 Vers g
_— Gain A w
SHG & OPG ) Large & tunable
nonlinearity from PM-CQN (y,ff) Yerr <0
M1
CW-Pump
Dissipative Quadratic
Soliton (DQS)
Mode-Locking
- The Upconversion
Case PPLN
[ C—

Fig. 1 DQS mode-locked cavity enhanced second harmonic generation. The four-mirror free-space doubly resonant enhancement cavity contains
a type-I phase matched PPLN crystal and is pumped by a CW laser with p polarization. OC: 1% output coupler at 1572 nm and 786 nm, M1-M3:
mirrors with high reflectivity at 1572 nm and 786 nm. Top left: phase matched cascaded quadratic nonlinearities (PM-CQNs) emulate an effective
four-wave mixing that provides parametric gain and nonlinearity. Top middle: DQS is formed due to the double balance among the nonlinearity,
dispersion, cavity loss, and parametric gain. Top right: the tunable nonlinearity is readily controlled through pump phase detuning

the pump group velocity dispersion (GVD), L is the non-
linear cavity length, « is the normalized second-order
nonlinear coupling coefficient, J(2) is the nonlinear
response function, 2 is the angular frequency around the
pump, 6 is the pump coupling transmission coefficient,
and |A;,|? is the CW pump power. The SH field is dynam-
ically slaved to the pump field and can be explicitly solved
from Eq. (1) [29]. As shown in Supplementary Informa-
tion Section I, J(£2) can be decomposed into its real part,
X(2), and imaginary part, Y(£2), which correspond to the
effective two-photon absorption (ETPA) and effective
Kerr nonlinearity (EKN), respectively. The two parts can
be expressed as

1
X(Q) = {0[2 |:1 + (52/0[2 —di12 — d292)2:| }
(2)

V(@) = (82/02 — 1 — Q) X(@) 3)

Here, ay is the total linear cavity loss for the SH,
d1 = Ak'L/ay is the normalized temporal walk-off
between the SH and pump, and dy = kjL/2a, is the
normalized group delay dispersion of the SH field. §; is
the SH phase detuning. As shown in Supplementary

Information Section II, 8, is closely related the pump
phase detuning §; and the condition 82 = 28; can be
achieved through appropriate tuning of the cavity length
and PPLN crystal temperature to achieve perfect phase-
matching [27].

Figure 2a plots the dispersive ETPA and EKN as a func-
tion of the pump phase detuning §;, while Fig. 2b pre-
sents the line profiles of ETPA and EKN at §; = +5.5¢;.
The parameters are selected to closely reflect the experi-
mental conditions and are provided in Table S1. The case
of zero group velocity mismatch (GVM) is considered
in the main text and the perturbative effect of non-zero
GVM is discussed in Supplementary Information Sec-
tion III. Two distinct regimes can be identified [24]. The
upper zone, where d»8; > 0, is characterized by two sym-
metric resonant spectral anomalies while the lower zone,
where dy8; < 0, is characterized by a smooth frequency
response with increasing bandwidth at larger [6;]. In our
cavity, dispersion is primarily governed by the normal
material dispersion of PPLN, and thus a clean lower-zone
DQS with bichromatic sech? spectra is expected when
81 < 0[24].

To draw an intuitive understanding of DQS mode-lock-
ing, Eq. (1) can be further simplified by neglecting the
dispersion of the ETPA and EKN to
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Fig. 2 Numerical simulation of DQS mode-locking — a The ETPA (top) and EKN (bottom) as a function of the pump phase detuning, corresponding
to the real and imaginary parts of the dispersive nonlinear response function. Both ETPA and EKN are normalized to the peak at each pump

phase detuning. b The line profiles of ETPA and EKN at §; = +5.5a1. ¢ Ratio of EKN to MKN (left-axis) and EKN to ETPA (right-axis) as a function

of pump phase detuning. d Simulated cavity transmission as the pump frequency is swept over the cavity resonance from red to blue sides. e The
corresponding time-domain evolution of the pump and SH fields reveals several distinct dynamical states, which can be categorized into four
types. () CW state, (Il) upper-zone temporal patterns, (lll) lower-zone temporal patterns, and (IV) lower-zone DQS states in which the soliton number
decreases monotonically as the pump phase detuning becomes more negative. To better visualize the DQSs, a 1-ps time window is selected to crop
the simulation results for display purposes. f Single DQS optical spectra and pulse shapes when §; = —5.5«1showing a 3-dB optical bandwidth

and pulse duration of 1.38 THz and 263 fs for the pump and 1.08 THz and 276 fs for the second harmonic

conventional DKS dynamics [30]. Due to the large quad-
ratic nonlinearity, the EKN can exceed the intrinsic
material Kerr nonlinearity by more than three orders of
magnitude in a 10-mm-long type-I phase-matched PPLN
crystal. This substantial enhancement significantly lowers
the pump power threshold, enabling DQS mode-locking
in a free-space cavity. More importantly, the sign of the
EKN is governed by the pump phase detuning, allowing it
to compensate for either normal or anomalous dispersion
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Here, arpa = X(0) = apLk?/(487 +a?) is the ETPA
coefficient and y,z = Y (0) = 281L/c2/(48% + a%) is the
EKN coefficient. Figure 2c shows the dependence of a1pg
and y,g on 81 for several different crystal lengths. Notably,
as 81 increases, arpa approaches zero, and Eq. (4) reduces
to the Lugiato—Lefever equation (LLE), which governs
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and thereby providing a broad design space for DQS
formation.

2.2 Numerical simulation of DQS mode-locking

Equation 3 highlights the connection to DKS phys-
ics and offers physical insight into the conditions for
soliton existence. To further investigate the DQS mode-
locking dynamics in a CW-pumped doubly resonant
cavity-enhanced SHG system, we numerically solved the
coupled Equations S1-S4 provided in Supplementary
Section II. The simulation parameters listed in Table S1
closely reflect the actual experimental conditions.

Figure 2d shows the simulated cavity transmission as
the pump frequency is swept over the cavity resonance
from red to blue sides and Fig. 2e shows the correspond-
ing time-domain evolution of the pump and SH fields.
Figure 2d and Fig. 2e reveal several distinct dynamical
states, which can be categorized into four types. State I is
trivial where the CW pump accumulates in the cavity and
the SH field power increases before saturation. Next, the
SHG saturation initiates a series of cascaded quadratic
nonlinear interactions that results in the transition into
state II. Here the pump phase detuning remains positive,
and the corresponding upper-zone EKN and ETPA spec-
tral anomalies (Fig. 2a) shape the spontaneous temporal
pattern formation [24].

Of note, the PPLN, and consequently the cavity, has
normal dispersion at both pump and SH wavelengths.
Therefore a lower-zone DQS with bichromatic sech?
spectra is expected when the pump phase detuning is
swept into the negative regime (blue detuning side) [24].
When the pump phase detuning is slightly negative and
close to zero, the lower-zone EKN is highly dispersive
(Fig. 2a), and the EKN-to-ETPA ratio is low (Fig. 2c). This
results in soliton disruption and unstable temporal pat-
terns, characteristic of state III. As the pump frequency is
further blue-detuned, the EKN becomes less dispersive,
and the EKN-to-ETPA ratio increases, leading to the for-
mation of stable, temporally trapped bichromatic DQSs,
corresponding to state IV. In this regime, the number of
DQSs decreases monotonically with increasing negative
detuning. Ultimately, at a pump phase detuning around
81 = —5.5a1, yields a single DQS is generated with a 3-dB
optical bandwidth and pulse duration of 1.38 THz and
263 fs for the pump and 1.08 THz and 276 fs for the sec-
ond harmonic.

In addition, the perturbative effects of GVM and GVD
are discussed in Supplementary Information Sections
III and IV, respectively. The GVM between the pump
and second harmonic fields acts as the primary pertur-
bation to DQS dynamics, analogous to the role of third-
order dispersion in DKS [24]. One strategy to mitigate
GVM-induced distortion is to increase the total linear
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cavity loss, though this comes at the cost of a higher
pump power threshold. Supplementary Information Sec-
tion V then presents simulation results for a cavity with
anomalous dispersion, where DQS mode-locking occurs
in the positive pump phase detuning regime instead.
These findings underscore the tunability of the EKN,
which can be tailored to compensate for either normal or
anomalous dispersion, thereby providing a broad design
space for soliton formation.

2.3 Experimental demonstration of DQS mode-locking

We constructed a CW-pumped, doubly resonant cavity-
enhanced SHG system with a free spectral range (FSR)
of 380 MHz and a loaded quality factor of 2.70x10°
(Fig. 1) to experimentally demonstrate DQS generation.
The pump wavelength was set to 1572 nm to achieve zero
GVM in type-I phase-matched PPLN. While type-I phase
matching reduces the effective nonlinear coefficient (d,y)
to 2.7 pm/V, it enables birefringence-based tuning that
simplifies achieving both phase matching and doubly
resonant conditions through precise control of the cavity
length and PPLN crystal temperature (with 10 mK reso-
lution) [31]. The GVD at the pump and SH wavelengths
are 105 fs?>/mm and 378 fs*/mm, respectively, which pre-
cludes the formation of parametrically driven DKSs. Fur-
ther details of the experimental setup are provided in the
Methods section.

As shown in Fig. 3a, we first investigated the comb
dynamics by scanning the pump frequency from the red
to blue detuning side at various pump powers. When the
pump power was below the SHG saturation threshold
of 25 mW, no cascaded quadratic nonlinear processes
were observed, as indicated by the absence of sharp fea-
tures in the cavity transmission of both the pump and
SH. When the pump power exceeded the DQS threshold
and reached 820 mW, step-like features appeared in the
cavity transmission (Fig. 3b), corresponding to distinct
dynamical states in agreement with numerical simula-
tions. As anticipated, stable, temporally confined bichro-
matic DQSs were generated at large negative pump phase
detunings. Figure 3c presents the measured pump and
SH optical spectra for representative dynamical states.
Ultimately, at a pump phase detuning around é; = —5¢7,
a single DQS is generated (Fig. 4).

2.4 Characterization of the single DQS state

Figure 4a and b display the measured bichromatic DQS
optical spectra, which closely follow the theoretically
predicted sech? profiles. The pump DQS exhibits a 3-dB
optical bandwidth of 1.15 THz, corresponding to a trans-
form-limited 3-dB pulse duration of 274 fs. The SH DQS
features a 3-dB optical bandwidth of 1.13 THz, yield-
ing a transform-limited 3-dB pulse duration of 279 fs.
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Fig. 3 Experimental demonstration of DQS mode-locking—a Cavity transmission of the pump (red) and SH (green) at different pump power

as the pump frequency is swept over the cavity resonance from red to blue sides. b With an 820-mW pump power, step-like features in the cavity
transmission are observed, corresponding to distinct dynamical states that agree with numerical simulations. ¢ Optical spectra at the pump and SH
wavelengths of different dynamical states. (I) CW state, (Il) upper-zone temporal pattern, (Ill) lower-zone temporal pattern, and (IV) lower-zone DQS

states 1 through 3 with different soliton numbers

At the 820-mW CW pump power, pump DQS power of
48 mW and SH DQS power of 23 mW were measured,
corresponding to a pump-to-DQS power conversion
efficiency of 8.7%. Peak powers of the pump DQS and
SH DQS were then estimated to be 500 W and 240 W,
respectively. Flat electrical spectra with well-defined beat
notes at the fundamental repetition rate (380 MHz) and
its harmonics were observed for both the pump and SH
DQSs (Fig. 4c and d), consistent with the generation of

ultrashort pulses. Additionally, the coherence of the
DQSs is verified by the narrow linewidth and high signal-
to-noise ratio of the fundamental beat note, as shown in
Fig. 4e. The single sideband phase noise spectrum is also
included in the Supplementary Information Section VIII.

Finally, Fig. 4f shows the intensity autocorrelation (AC)
measurement of the filtered pump DQS that validates
the generation of bright femtosecond pulses. Although
the 12-nm notch filter effectively suppressed the pump
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Fig. 4 Characterization of the single DQS state—a The measured SH optical spectrum closely matches the theoretically predicted sech? profile,
exhibiting a 3-dB bandwidth of 1.13 THz. The inset displays the corresponding temporal pulse shape with a 3-dB duration of 279 fs. b The measured
pump optical spectrum closely matches the theoretically predicted sech? profile, exhibiting a 3-dB bandwidth of 1.15 THz. The inset displays

the corresponding temporal pulse shape with a 3-dB duration of 274 fs. ¢ The measured SH electrical spectrum is flat with clean beat notes
spanning the photodetector-limited bandwidth of 2 GHz and taken at a resolution bandwidth (RBW) of 1 MHz. d The measured pump electrical
spectrum is flat with clean beat notes spanning the photodetector-limited bandwidth of 5 GHz at a RBW of 1 MHz. e The fundamental repetition
rate beat note at 380 MHz has a resolution-limited linewidth with a signal-to-noise ratio of 50 dB at a RBW of 10 kHz. f The intensity autocorrelation
(AC) measurement of the filtered pump DQS validates the generation of bright femtosecond pulses. Inset is the pump DQS spectrum

after the 12-nm notch filter

for the AC measurement (inset of Fig. 4f), its sharp
spectral edges introduced pulse distortion, resulting in
pronounced AC tails. Additional details are provided in
Supplementary Information Section VI.

3 Discussions
In summary, we have demonstrated femtosecond DQS
mode-locking of CW-pumped doubly resonant SHG in
free space, yielding bichromatic frequency combs span-
ning the visible and near-infrared. The observed DQSs
exhibit spectral 3 dB optical bandwidths and trans-
form-limited pulse durations of 1.15 THz and 274 fs at
1572 nm and 1.13 THz and 279 fs at 786 nm, respec-
tively. At the 820-mW CW pump power, a pump-to-DQS
power conversion efficiency of 8.7% is achieved, with
the pump DQS reaching a peak power as high as 500 W.
The conversion efficiency of the DQS depends on mul-
tiple interrelated pump and cavity parameters that can
be carefully engineered to meet specific source require-
ments. In Supplementary Information Section VII, we
present a theoretical analysis of the conversion efficiency
for a representative case corresponding to critical cou-
pling at both the FF and SH frequencies under perfect
double resonance and phase matching.

By harnessing cascaded quadratic nonlinearities,
we realize an EKN that not only surpasses the intrinsic

material Kerr nonlinearity by over three orders of mag-
nitude but is also tunable in both magnitude and sign, via
pump phase detuning. This in-situ engineered nonlinear-
ity is unique in enabling femtosecond DQS generation
in both free-space and chip-scale cavities, regardless of
whether the dispersion is normal or anomalous. It offers
a broad design space for dissipative soliton formation,
enhancing flexibility in tailoring the soliton spectral range
and supporting the possibility of universal soliton exist-
ence. Our results demonstrate a simple, flexible, and scal-
able approach to nonlinear frequency conversion without
the need for synchronized femtosecond mode-locked
lasers and expand the reach of soliton-based technologies
across diverse cavity platforms and a wide range of chal-
lenging wavelengths that are otherwise inaccessible.

The in-situ nonlinearity engineering introduces a new
degree of freedom in cavity nonlinear optics, with impli-
cations extending well beyond nonlinear frequency con-
version and frequency comb generation. For example, the
approach can compensate the MKN coefficient to main-
tain high intracavity power while suppressing modulation
instability—thereby enhancing the efficiency of entangle-
ment sources for quantum photonic processing [32, 33]
and improving the performance of photonic sensors [34—
36]. In addition, the reconfigurable EKN coefficient opens
new avenues for the development of advanced photonic
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devices, such as arbitrarily programmable nonlinear pho-
tonic circuits for artificial intelligence applications.

4 Methods

4.1 Experimental details

Three of the four mirrors (M1-M3) in the bow-tie cav-
ity are coated with high reflectivity>99.95% from 1530
to 1580 nm and 765 nm to 790 nm. The output coupler
has ~ 1% transmission from 1530 to 1590 nm and 765 nm
to 790 nm. The GVM and GVD induced by the mirror
coatings are negligible. Both end facets of the 10-mm
long 5% MgO-doped PPLN crystal have anti-reflection
coating with high transmission at 1572 nm and 786 nm
(reflectivity of 0.13% at 1572 nm and 0.09% at 786 nm).
The cavity linewidth and quality factor are measured
through a frequency-calibrated Mach—Zehnder interfer-
ometer (MZI). Figure S1b shows the measured linewidth
of 0.7 MHz, correspondingly to a loaded quality factor
of ~273,000,000. The poling period of the PPLN crystal
is 20.6 um, which is designed for type-I phase matching
(0+0—¢€) at~1572 nm. The PPLN crystal is placed on
a temperature-controlled mount with a resolution of 10
mK and the whole cavity is enclosed in a homemade plas-
tic box to minimize the ambient disturbance.

Fig. Sla is the schematic of the experimental setup. The
CW pump laser is an external cavity diode laser (TOP-
TICA CTL-1550) with a linewidth narrower than 10 kHz
over 5 us. To reliably access and sustain soliton states,
the pump laser linewidth must be much narrower than
the cavity linewidth (700 kHz). The CW pump is ampli-
fied by a 5W EDFA (IPG EAR-LP-SF) and the DQS pump
power threshold is as low as 350 mW. To precisely con-
trol the pump phase detuning, a frequency-shifted (~1
ESR frequency shift from the pump seed laser) CW aux-
iliary laser is employed to lock to the free-space cavity via
the Pound-Drever—Hall (PDH) locking technique. The
polarization of the PDH auxiliary laser is matched to that
of the CW pump (p-polarization), and its power is lim-
ited to 10 mW to avoid inducing appreciable nonlinear
effects. Furthermore, the CW pump and the frequency-
shifted auxiliary laser counter-propagate to minimize
crosstalk and enable straightforward separation.

In our current setup, the single DQS state can be main-
tained for over 10 min, which remains insufficient for
many practical applications. The two main limiting fac-
tors are (1) the long-term frequency drift of the pump
laser (<5 MHz over 70 s) and (2) cavity-parameter drift
caused by inadequate thermal isolation and vibrational
shielding from the environment. Nevertheless, repro-
ducing the single DQS state is straightforward and can
be reliably achieved by re-scanning the pump frequency.
We therefore anticipate that the long-term stability can
be substantially improved by incorporating a secondary,
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slow feedback loop in the PDH locking scheme to com-
pensate for the pump frequency drift, together with a
carefully engineered thermal isolation and vibration-
suppression system to mitigate cavity drift. Furthermore,
the monolithic PPLN cavity [37—40] inherently reduces
alignment sensitivity and susceptibility to environmental
disturbances, enabling low-noise and robust operation
suitable for practical deployment.
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