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In this Letter, we investigate a Yb-doped mode-locked fiber
oscillator that uses coherent pulse division and recombi-
nation to avoid excessive nonlinear phase shifts. The mode
locking mechanism of the laser is based on the accumula-
tion of a differential nonlinear phase between orthogonal
polarization modes in the polarization-maintaining fiber
segment. The inserted coherent pulse divider, based on YVO,
crystals rotated successively by 45°, enables stable and undis-
torted mode-locked steady states. The output pulse energy is
increased from 89 pJ in the nondivided operation by ~6.5 dB
to more than 400 pJ with three divisions. A measurement
of amplitude fluctuations reveals a simultaneous broadband
noise suppression of up to *9 dB in the frequency range from
10kHz to 2 MHz.
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Applications for mode-locked fiber oscillators include many sci-
entific fields and state-of-the-art technologies, such as frequency
metrology [1], seeding high-power amplifiers [2], synchro-
nization and timing distribution [3], and optical microwave
generation [4]. Rapid progress in these applications necessi-
tates a continuous improvement of fiber oscillators in terms of
environmental stability and output characteristics, such as the
obtainable pulse energy and noise performance. A key compo-
nent of an ultrafast fiber oscillator is the saturable absorber (SA),
which often determines the cavity structure and the achievable
output parameters [5-7]. Among the variety of mode locking
mechanisms, artificial SAs based on the optical Kerr effect,
once environmentally stably implemented, are promising candi-
dates for many applications, based on polarization-maintaining
(PM) fibers [8], self-starting operation [9], and superior noise
performance [10-12]. A well-established technique utilizes
asymmetric fiber loops known as nonlinear amplifying loop
mirrors (NALMs) or nonlinear optical loop mirrors (NOLMs),
often in combination with a nonreciprocal phase bias that is
required for self-starting operation [13]. In these variations of a
Sagnac interferometer, the self-amplitude modulation has its ori-
gin in the accumulation of a nonlinear phase difference between
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counterpropagating pulses in the fiber loop [14]. More than
20years earlier, Fermann er al. [15] proposed an alternative
linear cavity structure that allows Kerr-type mode locking by
using copropagating orthogonal polarization modes in a PM
fiber to accumulate the required nonlinear phase difference with
a compensation of linear phase shifts. Despite the advantages of
the mentioned Kerr-type mode-locked oscillator structures in the
all-PM configuration, their performance is still fundamentally
limited by the roundtrip nonlinear phase shift and the occurrence
of multiple pulse formation owing to soliton splitting or wave
breaking if the pulse energy exceeds a certain threshold [16,17].
The achievable intracavity power further restricts the pulse
energy and the laser noise performance in terms of phase noise,
timing jitter, and amplitude fluctuations at the output [18-20].
Different approaches have been proposed to reduce the roundtrip
nonlinear phase shift and scale up the energy. Besides scaling
the fiber core size with the implementation of large-mode area
(LMA) fibers [21], it is possible to introduce a large breathing
ratio of the pulse duration and thus reduce the nonlinear phase
shift per roundtrip by accessing the dissipative or dispersion-
managed soliton regime through, respectively, an engineered
all-normal dispersion or a net dispersion close to zero [22,23].
In 2014, Lamb er al. [24] further proposed the application of a
coherent divided pulse amplification (DPA) scheme to reduce
the pulse peak power in a non-PM, semiconductor saturable
absorber mirror (SESAM) mode-locked oscillator, leading to a
significant increase in the output pulse energy. While the concept
of DPA is routinely used in amplifier systems nowadays [2,25],
no information is as yet available on the possibility of a stable
implementation within an all-PM oscillator cavity with artificial
SA. Consequently, in this Letter we demonstrate and investi-
gate, for the first time to our knowledge, the implementation of
a coherent division and recombination scheme in such an all-
PM cavity structure to increase the obtainable pulse energy and
improve the noise performance. The Kerr-type SA mechanism
is based on the accumulation of a differential nonlinear phase
shift A, between orthogonal polarization modes in the PM
fiber segment, as proposed in Ref. [15]. The sinusoidal system
transmission function T(Ap,), in combination with a nonrecip-
rocal phase bias, allows for stable and undistorted mode locking.
The implemented pulse divider scheme consists of a number of
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Fig. 1. (a) Experimental setup of the all-PM DPO. GP, grat-
ing pair; QWP, quarter-wave plate; PBS, polarizing beamsplitter;
HWP, half-wave plate; FR, Faraday rotator; LD, laser diode; WDM,
wavelength division multiplexer; YDF, ytterbium-doped fiber; OC,
output coupler; C, fiber collimator. (b) Transmission function
T(A@y) for different rotation angles of HWP1 (0) and QWP1 (§).
(c) Simulated divided pulse train behind the 10 mm Y VO, crys-
tal (45° rotation to the transmission axis of PBS1) with one pulse
parallel to the slow (solid) and fast (dashed) axes for 8 = 10° and
& = 25°.(d) Divided pulses after an additional, 45°-rotated, 20 mm
Y VO, crystal in the divider. (e) Divided pulses at port M with third
division from the PM fiber segment.

YVO, crystals rotated by 45° in conjunction with a birefringent
fiber segment [24]. In the experiment, an increase in output
power by up to 6.5dB is obtained with three pulse divisions,
in comparison with the fundamental mode-locked state with
no pulse divisions. Measurements of the radio frequency (RF)
spectrum and the intensity fluctuations reveal a reduced noise
level in the offset frequency range from 10 kHz to ~2 MHz for
an increasing number of divisions.

A schematic of the all-PM divided pulse oscillator (DPO)
is shown in Figure 1(a). The 2.2 m fiber segment contains a
0.6 m highly Yb-doped gain fiber (CorActive Yb-401 PM) that
is bidirectionally pumped by two 0.9 W laser diodes at 976 nm
(Thorlabs BL976-PAG900), coupled into the fiber with wave-
length division multiplexers (WDMs). In the free-space arm
on the C2 collimator side, the light is transmitted through a
45° Faraday rotator (FR, single pass) and is subsequently par-
tially reflected at the cavity end by an output coupler (OC, 15%
transmission) that enables analysis of the divided pulse bursts
through the monitor at port M. The fiber output at collimator
C1 is followed by the second free-space arm containing a YVO,
based pulse divider and the nonreciprocal phase bias that con-
sists of a 45° FR, a quarter-wave plate (QWP1) and a half-wave
plate (HWP1). A polarization-insensitive transmission grating
pair (LightSmyth T-1000-1040 Series) allows tunable dispersion
management. The laser is mode-locked in the soliton regime
with a fixed net dispersion of ~—104 x 10~ ps? and a repetition
rate of 36.7 MHz. Soliton mode locking is chosen for the experi-
ment to ensure pulse durations of <1 ps in the PM fiber to avoid a
timewise overlap of the divided pulses. In the fundamental state
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of the oscillator without YVO, crystals, the orthogonal polar-
ization modes in the PM fiber accumulate a nonlinear phase
difference A,y if there is an asymmetric energy splitting ratio
€ [26]. In this case, the value of ¢, together with the shape
of the sinusoidal SA transmission function T(A,), is fully
determined by the settings of the wave plate angles 6 (HWP1)
and & (QWP1) in the phase bias, as derived, e.g., in Ref. [10].
Besides an accumulation of A@,,, the PM fiber’s birefringence
of B=0.381 x 107* (Coherent PM980-XP) further results in a
shift between the polarization modes with ~1.3 ps/m that is com-
pensated with a Faraday mirror; this ensures an identical optical
path for both modes through the 90°-rotated backreflection.

This unique cavity structure enables the application of an
YVO,-based DPA scheme as the intrinsic compensation of lin-
ear phase shifts enables the coherent recombination of divided
pulses. For the setup in Fig. 1(a), the divider consists of a 10 mm
and a 20mm long YVO, crystal in series in combination with
the birefringent PM fiber that causes a total delay of ~2.8 ps.
The delay caused by the YVO, is =0.8 ps/mm at 1030 nm,
owing to the large material birefringence of B =0.208. The fast
axis sequential rotation angles in the DPO pulse divider with
respect to the transmission axis of the first polarizing beamsplit-
ter (PBS1) for the two YVO, crystals and the PM fiber are 45°,
0°, and 45°, respectively. Figure 1(b) shows the resulting shape
of T(A,) for different values of phase bias settings, derived
through an implementation of the YVO, crystals in the model
of Ref. [10] with the corresponding Jones matrices for the bire-
fringent elements. A simulation of the pulse burst after the first
45°-rotated, 10 mm YVO, crystal can be seen in Fig. 1(c). The
phase bias wave plate angles of © =10° and £ =25° ensure an
energy splitting ratio of ¢ = 0.8 with a positive slope of T(A@,)
for small signal values of A@,. Figures 1(d) and 1(e) show the
simulated divided pulses with two and three divisions after the
subsequent, 0°-rotated 20 mm Y VO, crystals and the PM fiber
segment at port M, respectively. The pulse burst in Fig. 1(d)
that propagates through the PM fiber segment consists of three
identical copies of the fundamental asymmetric pulse pair with
identical nonlinear propagation characteristics and accumulated
nonlinear phase difference Ag,;.

In the fundamental mode-locked state, the oscillator generates
soliton-like pulses with an output energy of 89 pJ measured
at port T with a QWP2 rotation angle that ensures an output
coupling ratio of 30%. Figure 2(a) shows the spectrum of the
pulse with approximately 8.2 nm FWHM centered at 1038 nm.
Figure 2(b) shows the autocorrelation (AC) trace of the pulse
burst measured at port M with approximately 2.8 ps delay for the
orthogonal polarization modes after a single pass through the
PM fiber. Simultaneously, the AC trace of a single recombined
pulse can be measured at port T with a FWHM of 0.8 ps. The
deviation from the transform limit is due to the required external
amplification of the port T and port M pulse trains with an
auxiliary fiber amplifier to ensure sufficient peak power for the
AC measurement.

In this fundamental state, the laser is self-starting at a pump
power of approximately 300 mW. Single-pulse operation can be
achieved by reducing the pump power to approximately 75 mW.
The verification of stable single-pulse operation is based on a
number of separate measurements. As a first step, the 150 ps
wide-range AC, together with a 0.02 nm high-resolution spec-
tral measurement, is used to ensure the absence of periodic
modulations in the spectrum. Further, the pulse train at port T
is detected with a fast InGaAs p-i-n photodetector (EOT-3000)
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Fig. 2. (a) Spectral bandwidth at port T with FWHM of approxi-
mately 8.2 nm for one division in PM fiber. (b) Corresponding pulse
burst at port M; the inset shows the autocorrelation of the externally
amplified recombined pulse at port T with 0.8 ps duration. (c), (d)
Port T spectral bandwidth (8.3 nm FWHM) and pulse burst at port M
for two pulse divisions with additional 10 mm Y VO, crystal, respec-
tively. The recombined pulse at port T [inset to (d)] has a FWHM of
0.83 ps. (e), (f) Port T spectral bandwidth (8.2 nm FWHM) and port
M pulse burst autocorrelation for a third division with an additional
20mm Y VO, crystal. Inset to (f): recombined and amplified pulse
at port T with 0.8 ps FWHM. PSD, power spectral density.
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and the RF spectrum is measured with a spectrum analyzer
(Keysight N9000A) over the full photodetector bandwidth of
2 GHz (100 kHz resolution) to verify the absence of amplitude
modulations of the higher harmonics. Figure 2(c) shows the
optical spectrum at port T with a second pulse divider in the
cavity. Here, the polarization modes are first separated in the
45°-rotated, 10 mm Y VO, crystal with a delay of approximately
8 ps and then further divided in the 0°-rotated PM fiber segment.
The corresponding autocorrelation of the pulse burst measured
at port M is shown in Fig. 2(d), together with the autocorre-
lation trace of the recombined pulse at port T with a FWHM
of 0.83 ps and a pulse energy of approximately 190 pJ. Subtle
spectral modulations in conjunction with small perturbations
in the AC trace indicate a distorted recombination of the pulse
burst, e.g., owing to deviations from ideal divider rotation angles
and tolerances of the Faraday mirror. The observed changes
of the Kelly sidebands can be explained with a shifting cav-
ity dispersion owing to the additionally implemented YVO,
crystals, a shifting working point on T(A@,) in the steady
state and slightly different gain dynamics owing to the higher
intracavity power. Self-starting operation requires an approxi-
mately 700 mW pump power, while the single-pulse threshold
is at approximately 160 mW. The higher pump power for self-
starting operation is required for an accumulation of sufficient
small signal A, despite the reduction in peak power owing
to the pulse division. For the third division, the 20 mm Y VO,
crystal is implemented in the cavity with a 0° rotation angle
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Fig. 3. RF spectrum of the DPO fundamental repetition rate with
three divisions at 36.7 MHz measured over a span of 100 kHz with
51 Hz RBW. The SNR is approximately 74 dBm. The inset shows
higher harmonics over a 1 GHz span (RBW: 100 kHz).

between the 45°-rotated 10 mm crystal and the 45°-rotated
fiber.

The resulting spectral bandwidth (8.2 nm FWHM), together
with the corresponding ACs of the pulse burst at port M and
that of the recombined pulse at port T (0.8 ps FWHM) can be
seen in Figs. 2(e) and 2(f), respectively. For this state, the output
pulse energy is increased by 6.5 dB to 400 pJ, compared with the
fundamental operation. Starting the laser in this state requires a
pump power of up to 1.5 W with the single-pulse threshold at
400 mW. Further divisions were not possible in the experiment,
owing to the lack of available pump power for initiation of mode
locking.

A significant aspect for the analysis of the DPO characteristics
is the influence of each consecutive pulse division on the over-
all cavity stability and noise performance. Figure 3 shows the
RF spectrum of the fundamental frequency of 36.7 MHz meas-
ured at port T with three pulse divisions corresponding to the
working point shown in Figs. 2(e) and 2(f). The signal-to-noise
ratio (SNR) is approximately 74 dBm with a span of 100 kHz
and a resolution bandwidth (RBW) of 51 Hz. The inset of Fig. 3
shows the broadband RF spectrum with a span of 1 GHz meas-
ured with a RBW of 100 kHz. Furthermore, the amplitude noise
(AM noise) of the recombined pulse train emitted at port T for
different division states of the oscillator is measured using the
method described in Ref. [26]. Once the optical pulse train has
been converted to the electrical RF domain with a fast pho-
todetector (EOT-3000), the S5th harmonic at 183.5 MHz of the
received RF signal is filtered with a tunable bandpass filter and
amplified with a 10 dB transimpedance amplifier to an RF power
of —1 dBm, which is kept consistent for all measurements. The
AM noise function of the signal source analyzer (SSA, Keysight
E5052B) is used to measure the single-sideband noise spectral
density. Experimental results of the AM noise measurements at
port T in the range from 100 Hz to 20 MHz are shown in Fig. 4(a)
for different numbers of pulse divisions. In the high-frequency
range from 100 kHz to approximately 3 MHz the AM noise is
significantly reduced (by up to 3 dB) with two pulse divisions
in the cavity and by up to 6 dB with three divisions, most prob-
ably because of the increased intracavity power, as proposed in
Ref. [18]. The AM noise reduction is also present in the mid-
frequency range from 10 kHz to 100 kHz by up to 9 dB with the
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Fig. 4. (a)Frequency-resolved AM noise spectra measured at port
T with different pulse divisions in the cavity. (b) Corresponding RIN
integrated from 100 Hz to 10 MHz for the fundamental state, two
divisions, and three divisions with RIN values of 0.018%, 0.012%,
and 0.010%, respectively.

10 mm crystal in the YVO, divider and up to 7 dB for the third
division with the additional 20 mm crystal. Figure 4(b) shows
the corresponding relative intensity noise (RIN) integrated from
100 Hz to 20 MHz, excluding the influence of technical noise
sources <100 Hz. For the fundamental mode-locked state, the
RIN has a value of 0.018% that is consecutively reduced to
0.012% and 0.010% for the second and third divisions, respec-
tively. The observable AM noise variation for higher divisions
can be explained through the averaging character of the coherent
recombination. It is further influenced by the interplay between
a shifting operation point away from the lasing threshold for
more divisions, resulting in an increased stability, as shown in
Ref. [27], and occurring changes of the port T noise transfer
owing to a shifting working point on T(A@,) [12].

In conclusion, an all-PM Kerr-type fiber oscillator is inves-
tigated that uses periodic pulse division and recombination to
reduce excessive roundtrip nonlinear phase shifts. The imple-
mentation of birefringent pulse division is enabled, owing to
the linear cavity structure with intrinsic compensation of lin-
ear phase shifts based on a Faraday mirror. In the experiment,
the output pulse energy is increased by 6.5dB from 89 pJ in
the fundamental state to more than 400 pJ with three divisions.
The stability of the mode-locked DPO for different divisions is
investigated based on RF characteristics and the AM noise of
the output pulse train. The measured AM noise is found to be
reduced by up to 6 dB in the high offset frequency range from
100 kHz to 3 MHz. The increased pulse energy, in conjunction
with significantly improved noise performance of the DPO, is
another step toward ultralow noise fiber laser systems.
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