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Abstract: In this work, we present a novel fiber-interferometric device that achieves dual
functionality: simultaneous amplification of a pulsed input signal and generation of its second
harmonic while effectively suppressing the intensity noise in both modes, reaching the standard
quantum-limit. The underlaying mechanism is based on phase-biased nonlinear polarization
rotation coupled with type-1 phase-matched second harmonic generation, a concept that is both
theoretically investigated and experimentally verified. In the experiment, a fiber-optic system
is constructed capable of generating 42 MHz ultra-low noise sub-150 fs output pulse trains
simultaneously at 1030 nm and 515 nm, with average powers of 160 mW and 42 mW,
respectively. Systematic frequency-resolved intensity noise measurements confirm dual
wavelength, quantum-limited noise suppression beyond 100 kHz offset-frequency, with
suppression levels up to 14 dB, showing correlation with local maxima in average power in
both fundamental and second harmonic mode.

1. Introduction

The presence of fluctuations in ultrafast laser sources limits a wide range of applications in
ultrafast science and technology, including multiphoton microscopy [1], photonic microwave
generation [2], frequency metrology [3], and arbitrary waveform generation [4]. Extensive
research over the last decades has focused on developing high-performance, i.e. ultra-low noise,
laser systems. Fiber lasers have emerged as promising candidates due to their resilience against
environmental disturbances, efficient heat dissipation, and high beam quality. Leveraging a
versatile set of nonlinear effects, these lasers can further be tailored for specific applications.
The ongoing evolution of ultra-low noise fiber oscillators, achieved through techniques like
mode-locking via nonlinear interferometers (e.g., NALM/NOLM) [6-8] or self-stabilized fiber
interferometers [9-11], now enables the generation of optical pulse trains with exceptional low
intensity noise, timing jitter, phase noise, and frequency stability [12,13].

However, further adjustments of optical pulse trains beyond the capabilities of current state-of-
the-art fiber oscillators in terms of average power, repetition rate, spectral bandwidth, or center
wavelength while preserving their ultra-low noise characteristics frequently presents a
formidable challenge. In terms of low noise optical amplification, significant strides have been
made. Notably, the output power of inherently low-noise fiber oscillators has been vastly
increased through specialty fibers [14-16] and intra-cavity divided pulse amplification [17,18].
Novel nonlinear amplifier schemes [19-21] and opto-electronic feedback mechanisms [22-24]
further enable simultaneous power amplification, nonlinear spectral broadening, and



suppression of parameter fluctuations in the amplified optical pulse trains. With respect to a
noise-less scaling of the pulse trains repetition-rate, Ying et al. recently showcased a GHz
repetition rate fiber oscillator configuration with superior timing-jitter and relative intensity
noise (RIN) characteristics [25]. In addition, recent efforts by Lacin et al. demonstrate a
promising approach towards stability-enhanced harmonic mode-locking to reach the GHz
regime without compromising laser noise performance [26]. Nonetheless, notable limitations
in achieving ultra-low noise characteristics in optical pulse trains often arise due to nonlinear
conversion processes such as second harmonic generation (SHG) and difference frequency
generation (DFG). These mechanisms play a pivotal role for center wavelength shifts beyond
the emission spectra of conventional laser gain materials and therefore have a significant impact
e.g., in the fields of nonlinear biological imaging and spectroscopy as well as ultrafast quantum
optics. While SHG for instance is theoretically able to suppress input fluctuations even beyond
the standard quantum-limit (SQL) under certain conditions [27-30], the narrow parameter space
and high requirements regarding system stability and alignment often not allow the successful
implementation for many experimental setups. To the contrary, the vast majority of recent
experimental studies report a strong amplification of the input RIN by up to 6 dB and a
broadband increase in RIN spectral density, usually explained with the quadratic dependence
of the SHG power stability on pump power fluctuations [31-35].

In a recent study, we demonstrated the immense potential of active nonlinear fiber-
interferometers for simultaneous intensity noise suppression and signal amplification of
arbitrary optical input pulse trains [19]. Expanding on this technology, this work introduces a
novel, highly-flexible method for ultra-low noise SHG based on phase-biased Kerr-type fiber-
optic nonlinear polarization rotation (NPR) in interaction with type-1 phase-matched nonlinear
crystals. The mechanism is theoretically described and experimentally implemented to
construct a versatile fiber-optical system for the simultaneous ultra-low noise generation of
directly compressed sub-150 fs optical pulse trains at 1030 nm and 515 nm with standard-
quantum limited noise performance from an initially noisy input signal. Systematic
measurements reveal a highly tunable access to operating points characterized by simultaneous
convergence of local power transfer maxima and noise suppression in both operational
modes—namely, the fundamental and second harmonic pulse trains, each emanating from
separate output ports. Frequency-resolved RIN measurements validate more than 14 dB noise
suppression in both modes and confirm the concurrent dual-color SQL noise performance. Up
to 160 mW and 42 mW in the fundamental and second harmonic mode, respectively, are
obtained at 43 MHz repetition rate.

2. Experimental setup and mechanism

We start our investigation by introducing the experimental setup and the underlaying
mechanisms for ultra-low noise SHG. The experimental setup is shown in Fig.1 [a]. A home-
built, Yb-doped ultrafast fiber laser generates linearly polarized optical pulses with a repetition
rate of 43 MHz and a maximum output power of 150 mW, corresponding to a pulse energy of
~3.5nJ. The inset in Fig.1 shows the measured spectrum and autocorrelation (AC) emitted by
the laser source at full power. The spectral full width at half maximum (FWHM) is ~17.2 nm
centered at 1032 nm. Assuming a Gaussian pulse shape, the FWHM of the positively chirped
output pulse is ~4.6 ps. The half-wave plate HWP1 is rotated to ensure maximum transmission
at PBS1. The generated output pulse train is directed into a module for type-1 phase-matched
SHG with a 3 mm long BBO crystal cut at an angle of 24.3°, a dichroic mirror (DM), and two
BBAR-coated focusing lenses (Lens 1/2), each having a 19 mm focal length. In forward
direction, HWP?2 is set to rotate the polarization direction orthogonal to the phase-matched axis
of the BBO, hence no SHG signal is generated at this point and the pulse train simply passes
through the SHG module. It then propagates through a tunable phase-bias module, consisting



of an eight-wave plate (EWP, rotation angle 8,,5) and HWP3 (rotation angle 8,,,) in
combination with a 45° Faraday-rotator (FR, single-pass) before entering a parallel
transmission grating pair (GP, LightSmyth T-1000-1040 Series) with 1000 lines/mm grating
constant in double pass configuration for tunable dispersion-management. The pulse train then
enters a nonlinear and reflective fiber interferometer (NLI), which can be realized e.g., in
configuration of a linear self-stabilized fiber interferometer (LSI) or a nonlinear amplifying
loop mirror (NALM); both systems are currently often used by the research community as
artificial saturable absorbers in ultra-low noise mode-locked fiber lasers [36-38]. The NLI
fulfills the same dual functionality in both configurations; amplification of the input signal and
accumulation of a nonlinear phase-difference Ag,,; between two orthogonal polarization
modes that propagate independently in the respective NLI arms, resulting in an intensity-
dependent nonlinear polarization rotation (NPR). In the subsequent experiment, we decided to
implement an LSI due to its straight-forward installation and alignment procedure, in particular
with respect to the SHG module.
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Fig. 1. Experimental setup of the fiber-interferometric second harmonic generator for the
simultaneous generation of compressed pulse trains at 1030 nm and 515 nm with standard
quantum-limited intensity noise. Inset: Measured spectrum (black) and autocorrelation trace
(blue) of the mode-locked laser source with FWHM of ~24 nm and 6.7 ps, respectively. HWP,
half-waveplate; PBS, polarization beam-splitter; DM, dichroic mirror; EWP, Eight-waveplate;
FR, Faraday-rotator; YDF, Ytterbium-doped fiber.

The LSl is composed of an all-polarization maintaining fiber segment affixed to a fiber-coupled
Faraday-rotator mirror (FRM). The 8 m fiber segment comprises 5 m of Yb-doped active fiber
(YDF, Coherent PM-YSF-LO-HP), pumped by a 1 W laser diode emitting at 976 nm and a
wavelength division multiplexer (WDM) and thus acts as a double-pass fiber amplifier. The
slow axis of the PM-fiber is aligned to the reflection axis of PBS1 and to the phase-matched
axis of the BBO. By adjusting phase-bias settings 6,5 and 8, ,, two orthogonal polarization
modes are generated from the initial linearly polarized input field that leaves PBS1. These
modes couple to the fast and slow axes of the PM-fiber segment within the LSI. The evolution
of these orthogonal polarization modes is influenced by the fiber's birefringence, leading to an
independent propagation through the LSI at different group velocities, the accumulation of a
differential nonlinear phase-shift A¢g,,; due to the optical Kerr effect and a simultaneous
amplification in the YDF. After a single pass, the Faraday-rotator mirror (FRM) rotates the
polarization by 90° which counteracts the birefringent drift-off, causing the two amplified
polarization modes to recombine upon double-pass through the LSI. A more detailed
description of both the LSI and NALM working principle can be found in the literature e.g., in



Ref. [6,39]. The amplified and nonlinearly modulated LSI output field then proceeds along a
trajectory back to the SHG module, having traversed once more through the GP and phase-bias.
However, in contrast to the case of forward propagation in the SHG module, the LSI output
pulses now have a component parallel to the phase-matched BBO axis resulting from the linear
phase shift given by the phase-bias settings in conjunction with the nonlinear, intensity-
dependent phase-shift determined by the magnitude of NPR in the LSI.

Due to the working principle of the LSI any peak power fluctuations P, (t) + 8P,,(t) present
in the LS| input field E;,, where P;, (t) denotes the average power at time tand §P,, (t) a time-
variant noise term, are transferred to fluctuations of the differential nonlinear phase-shift Ag,,;
according to the relation

T —

Apy (t) = A (t) + §Dpy (t) = Lisnag m (Pin[t] + 6P [t]) (26 — 1) Q)

where A denotes the center wavelength of E;,, A.¢ the effective mode-field area in the LSI
fiber segment, g the lumped gain factor of the LSI, n, the nonlinear refractive index, € the
energy splitting ratio between the orthogonal polarization modes and L; g, the LSI fiber length
[39,40]. To understand the resulting influence of the noise transfer at both the BBO and PBS1,
one has to consider the relation of A¢,,; with the polarization state of the LSI output field E,,; .
To do so, it is convenient to express E,,,; arriving at the BBO as a Jones-vector in the form
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where E¢qq ~ /(1 — €)gE;, approximates the output electric field amplitude parallel to the
fast axis of the LSI, Egop = ﬁEm the amplitude parallel to the slow axis, A¢,,; the
differential nonlinear phase shift and ¢, the generalized phase-shift caused by the non-
reciprocal phase-bias. To express Eout(t) with experimental phase-bias parameters (e.g., 8, /g
and 8, ,, for the setup in Fig.1), the Jones-formalism can be applied on the system as described
in detail e.g., in Ref. [6,9,10]. Since both the phase-matched axis of the BBO and the reflection
axis of PBS1 are aligned parallel to the slow axis of the LSI, the instantaneous rotation angle
&(t) be determined by calculating the angle between E,,,(t) and a unit vector €sHoR = ((1’)

parallel to the respective axes. By further considering the inherent transfer of power fluctuations
to fluctuations of Ag,,; in the LSI given by Eg. (1), one arrives at
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as an analytical expression for the transfer of power fluctuations at the LSI input to fluctuations
of the instantaneous polarization angle é(t) at the LSI output with respect to the relevant axes



for conversion efficiency/power transfer at the BBO and PBS1, respectively. If neglecting
distortions in the SHG process caused by birefringent walk-off, dispersion and other crystal
properties, the generated power in the second harmonic mode is Pgy;(t) o« 9 - sin?(&(t)),
where 9 denotes the maximum achievable SHG efficiency. The reflected power emitted at
PBSL1, influenced by the prior SHG (Fig.1), scales with P (t) « sin(&(t)) — 9 - sin? (£ (b)).
By substituting Eq. (3) into those expressions, the noise transfer function for the second
harmonic and fundamental output fields can be determined by taking the derivative
dPgy/dP;, and dPg/dP;,, respectively. For the purpose of generalization, it is convenient to
express the power and noise transfer as function of A¢,, instead of P;,; both parameters are
directly proportional but A¢,,; further includes all system-specific LSI parameters and the gain
factor of the LSI fiber amplifier according to Eq. (3). Consequently, the noise transfer for the
second harmonic and fundamental reflected output mode, normalized to the experimental
parameters and the LSI input power, can be described via dPsy;/dA,,; and dPg/dA@,,,
respectively. For system working points that result in dPg/dA@,; = 0, strong suppression of
the input power fluctuations can be obtained.
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Fig. 2. [a]: Transfer functions of the amplified LSI output power P, /(gP;,) and
Psug /(gPy) With e = 0.22, ¢, = 0.8m and ¥ = 0.3 as function of the accumulated
nonlinear phase-difference Ag,, to the fundamental (blue) and second harmonic (yellow)
system output, respectively. [b]: Corresponding absolute noise transfer functions dP;/dA¢.,;
and dPg /dA@,,;. The marked area highlights the operation range 0 < Ag,,;(t) < 0.37
enabling noise suppression with dPsy; /dA@,,; = 0 for an exemplary pulse at the LSl input.

Fig.2 [a] shows the numerically obtained power transfer function for both operational modes
in an arbitrary LSI with e = 0.75 and ¢,,, = m as a function of the power-dependent Ag,,,.
Here, the output power Py ¢y is related to the LSI input power P;,, amplified by the lumped
LSI gain factor g. The corresponding noise transfer functions are shown in Fig.2 [b]. For an
exemplary LSI output pulse where the intensity-dependent Ag,,; (t) varies in the grey marked
range between 0 < Ag,,;(t) < 0.3m, the correct setting of & and ¢,,,, via the phase-bias enables
strong noise suppression around the peak of the exemplary pulse where Ag,,; (t) = 0.3 with
close to maximum power transfer in both operational output modes simultaneously. It is further
shown, that the pure sin? dependence of the second harmonic signal results in a larger
modulation depth of the noise transfer function.

3. Experimental results and discussion



As a first step of the experimental evaluation, the system performance is systematically
investigated to confirm the theoretically predicted working points with simultaneous strong
noise suppression and efficient power conversion in both fundamental mode (FM) at 2030 nm
and the second harmonic mode (SHM) at 515 nm. Starting with an analysis of the systems dual-
color power transfer, Fig.3 [a] and [b] show the measured average power in the FM and SHM
at the respective output ports as function of the tunable phase-bias angle 8, 5 with 6, ,, = 160°.
The corresponding output spectra are shown in Fig.3 [c] and [d], respectively. All rotation
angles are measured relative to the PBS reflection axis in mathematical standard convention.
To ensure a precise comparison, 6, s is electro-mechanically tuned with a digitally controlled
rotation mount. In the experiment, the input pulse train is launched into the system with a pulse
energy of ~0.75 nJ. The linear loss of the system, including SHG module, GP and LSI is
estimated to be ~42%. To compensate this loss and further amplify the pulse energy while
avoiding nonlinear distortions of the spectrum, the YDF in the LSI is optically pumped with
500 mW average power from the 976 nm laser diode. The grating distance of the GP is set to
~42 mm in order to compensate the chirp of the input pulse and the dispersion of the LSI fiber
segment, thus ensuring a compressed pulse with maximum peak power in the SHG module.
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Fig. 3. [a]: Measured average output power of the 1030 nm FM of the LSI at the reflected
PBS1 output port as function of the phase-bias rotation angle 6, . [b]: Corresponding average
power of the 515 nm SHM measured behind the DM. [c]: Measured LSI output spectra of the
FM as function of 8, 4. [d]: Corresponding SHM spectra.

In agreement with the theoretical prediction, the trend of the obtained power transfer between
FM and SHM is directly related as consequence of the parallel alignment between PBS1
reflectance axis and phase-matched axis of the BBO. At an angle of ;5 = 85°, the maximum
simultaneously obtainable output power in the FM and SHM is obtained with ~165 mW and
~50 mW corresponding to pulse energies of 3.8 nJ and ~1.2 nJ, respectively. The complex
interplay between the energy splitting ratio & between the PM-fiber axes in the LSI and the



phase-bias ¢,,,, both coupled with the settings of 8, ;5 and 8, /,, results in multiple of such local
maxima in the measured power transfer curve.

In the next step, the correlation of the FM and SHM power transfer with the respective noise
transfer is investigated. To this end, the relative intensity noise (RIN) spectra in both operational
modes are measured as function of 8, ;3 with the same LSI parameters as before, and compared
to the RIN spectrum of the LSI input generated by the laser source. In the laser source and the
FM, the RIN spectra are measured as following. In a first step, the optical pulse train is detected
with a fast and low-noise InGaAs photo-detector (Coherent, ET-3010). The 3™ harmonic at
~126 MHz of the obtained radio-frequency (RF) signal is then filtered with a proper bandpass-
filter, and amplified with a low-noise trans-impedance amplifier (MiniCircuits ZX60-33LN-
S+) driven by a highly stable power supply (Toellner TOE8721). The frequency-resolved RIN
spectrum of the resulting RF-signal is then measured with a signal-source analyzer (SSA,
Keysight E5052B) in a range from 1 kHz to 20 MHz. The lower limit of the bandwidth is set
to exclude low frequency environmental noise contributions in the experiment, the upper limit
results from bandwidth limitations of the RF-components.
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Fig. 4. [a]: Measured integrated RIN (1kHz-20MHz) of the FM as function of the phase-bias
rotation angle 8, 5. The violet marked areas corresponds to a local maximum in average
power. [b]: Simultaneously measured integrated RIN of the SHM as function of 8, 4. [c]:
Frequency-resolved RIN spectra of the FM as function of 8, 4. [d] Corresponding RIN spectra
of the SHM. The shaded areas correspond to local power minima which prohibit RIN
measurements.

The method to analyze the RIN of the SHM is in principle identical, with the exception that a
biased Silicon photo-detector (Coherent, ET-2030) is used to efficiently detect at 515 nm center
wavelength. The required usage of different detector schemes results in a different standard
quantum-limit (SQL) for the RIN of both operational modes. For the FM and the laser source,
an RMS voltage of 5 mV for the detected RF-signal in conjunction with 100 Q termination and



a detector responsivity of 0.75 A/W results in a calculated SQL for the RIN at -142 dBc/Hz. In
the case of the SHM, the measurements are conducted with an RMS voltage of 11 mV, a
termination of 50 Q and a responsivity of 0.25, resulting in a SQL for the RIN at -137.7 dBc/Hz.
To ensure a consistent frame of reference, the SQL values in the respective modes are kept
constant for all subsequent RIN measurements.

Fig.4 [a] and [b] show the RIN values obtained by integrating the measured RIN spectral
densities over the full measurement bandwidth (1kHz to 20 MHz) for both the FM and SHM
as function of the phase-bias angle 6, ,5. All other parameters are identical to the previous
experiments. As shown, the area around 6,,; = 85° and range 0° < 6,5 < 35° with local
maxima in average power for both FM and SHM are correlated with local minimum values of
the measured int. RIN in both modes. The RIN reaches down to 0.04% for the FM and 0.07%
for the SHM. In further agreement with the theoretical evaluation, the RIN modulation depth
for the SHM is significantly higher compared to the FM, which can be explained with the sin?-
dependence of its noise transfer. In addition, it can be seen that the overall structure of the RIN
traces in both modes is closely related, which further verifies the theoretical trend. Fig.4 [c] and
[d] show the corresponding frequency-resolved RIN spectra for FM and SHM respectively. To
ensure comparability, the RIN spectral density is shown as SQL difference ASsq;, q5(f) =
Sem,sum (F) — Ssou (Pmsumy » Where f denotes the offset-frequency, Ssq,, the frequency-
independent SQL of the respective mode as calculated previously and Sgy syy(f) the
frequency-dependent output RIN spectral density measured with the SSA in FM or SHM.
While the range of 0° < 6,5 < 35° corresponds to a large plateau in maximum power and low
noise for both modes, the area around 8, ,s = 85° indicates lower values of ASgq, (f), in
particular also for the lower frequency range f < 10° Hz.
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Fig. 5. [a]: Measured RIN spectral densities (1kHz-20MHz, plotted as SQL difference ASg,,)
of the laser source/LSI input (black) compared to the FM (red) and SHM (blue) system output
with 6,3 = 82.5° and 6, = 160°. The green trace shows the RIN spectrum of regular SHM
with ideal phase-matching corresponding to 8,4 = 8;,, = 0°. [b]: Optical spectrum and
autocorrelation trace (inset) of the FM at maximum noise suppression (6,,5 = 82.5°). [c]
Corresponding spectrum in the SHM together with the Fourier-transform limited pulse shape
(inset).

Since the LSI working point with 6, ; = 85° and 8, ,, = 160° seems highly promising for the
generation of dual-color optical pulse trains with maximized average power and strongest noise
suppression in the FM and SHM simultaneously, a closer look at the corresponding output



characteristics is justified. Fig.5 [a] shows a comparison of RIN traces measured of the laser
source/LSI input and the FM and SHM system output. As an additional verification of the
underlaying mechanism, Fig.5 [a] further shows the RIN trace measured in the SHM without
phase-bias (6,5 = 6,,, = 0°) and NPR, hence representing the noise transfer to the FM under
ideal phase-matching and otherwise identical system parameters. As shown, the RIN spectral
density of the laser source is suppressed over a broad bandwidth in both operational modes,
reaching up to 14 dB in the range from 100 kHz to 1 MHz. Above 100 kHz, almost perfect SQL
noise performance can be observed simultaneously in both modes with only minor distortions
in the SHM. Towards lower frequencies < 100 kHz, the noise suppression becomes less
efficient. In contrast, it can be seen that the regular SHG without the influence of NPR and
linear polarized light parallel to the phase-matched BBO axis results in an overall amplification
of the RIN spectral density compared to the laser source, in particular at higher frequencies >
10 kHz. Such RIN amplification in the phase-matched SHG process is a common phenomenon
and widely reported in a variety of experimental studies [23-26]. The comparison of both cases;
regular, type-1 phase-matched SHG and NPR-enhanced SHG, clearly verifies the strong
influence of NPR from the fiber-optic LSI as a novel underlaying mechanism for ultra-low
noise SHG. Fig.5 [b] shows the FM output spectrum and the measured autocorrelation (AC)
trace at the working point with maximum noise suppression in Fig.5[a]. Compared to the input
spectrum of the laser source in Fig.1, the FWHM of the FM output is slightly broadened from
17 nm to ~24 nm as consequence of the nonlinear pulse propagation in the LSI. The dip at
~1042 nm can be explained with a combination of nonlinear broadening and NPR-based
interaction with both the BBO and PBS1. The corresponding FWHM pulse duration is ~130 fs
assuming a Gaussian pulse shape, corresponding to a FM output peak power of ~23 kW. The
corresponding output spectrum of the SHM is shown in Fig.5 [¢] with a FWHM of ~6 nm
centered at ~518 nm. Since direct AC measurements in the SHM were not available due to
practical restrictions, the inset instead shows the Fourier-transform limited pulse of the output
spectrum with a FHWM of 100 fs, hence representing the ideal SHM output of the system.
Under these ideal conditions, the corresponding SHM output peak power would be close to 11
kW.

4. Conclusion

In conclusion, this study introduces a novel method for ultra-low noise second harmonic
generation (SHG) using Kerr-type nonlinear polarization rotation (NPR) coupled with type-I
phase-matched nonlinear crystals in a nonlinear fiber interferometer. A theoretical framework
is derived and successfully translated into an experimental setup, resulting in the generation of
dual-color, sub-150 fs optical pulse trains at 1030 nm and 515 nm with remarkable noise
reduction. Through systematic RIN measurements, our investigation reveals the system's ability
to optimize local power transfer while effectively suppressing intensity noise across both
fundamental and second harmonic operational modes. The achieved noise reduction, verified
through frequency-resolved relative intensity noise (RIN) measurements, surpasses 14 dB for
each mode. Importantly, this study demonstrates the attainment of standard-quantum limited
(SQL) noise performance concurrently in both modes, indicating its potential for precision
applications. Furthermore, the system exhibits significant power generation potential. At a
repetition rate of 43 MHz, the SQL noise performance is correlated with average power outputs
of up to 160 mW and 42 mW for the fundamental and second harmonic modes, respectively.
The designed ultra-low noise dual-wavelength fiber system does not only demonstrate a novel
mechanism for ultra-low noise SHG but further holds practical promise for a variety of cutting-
edge applications, including multimodal two-photon microscopy, ultra-low noise seeding of
parametric down-conversion in quantum communication and information processing, nonlinear
laser spectroscopy, frequency comb generation, and fiber-optic sensing.
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